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SUMMARY 
An effort has been made to study aerocolloids formed by the inter-
action of vapors and radiation as reported by Pffeferkorn and other inves-
tigators. Ultrafine particulates were produced by x-ray or UV irradia-
tion from trace hydrocarbons in air. Infrared, mass spectrometric, and 
other analytic methods consistently indicated that carbonyl and hydroxyl 
groups were predominant and characteristic components of these highly 
oxygenated products. 
A typical product from x-ray irradiation was found to contain ap-
proximately seven oxygen atoms for each reacted benzene molecule. The 
existence of aldehydes, ketones, esters, and carboxylic acids, both of 
aliphatic and aromatic types, were also detected. Products generally 
appear to be a mixture containing many different functional groups, each 
in low yield. Therefore, no overall trend was discernible. For photo-
chemical systems, apparent first-order rate constants of 1, 1.5, 1.9, and 
2.0 x 10-3 sec~l, respectively, were observed for 10 ppm each benzene, 
toluene, cyclohexene, and o-xylene in air. Many tests indicated that 
part of the particulate product was always a polymeric substance having 
a molecular weight over 200 and a carbon chain length of more than 10 atoms. 
Deformation of the particulates, the presence of agglomerates, and 
their mode of attachment to one another were examined by both transmission 
and scanning electron microscopy. The size and mass of all types of par-
ticulates were found to increase, in proportion to the irradiation time, 
aging time, hydrocarbon concentration, nitrogen oxide concentration, and 
relative humidity when under 5 per cent. Two mechanisms, namely, conden-
sation of supersaturated vapors and chemical combination of reactive 





The conversion of gaseous substances into particulate matter has 
attracted the attention of many scientists since John Tyndall published 
his famous "Tyndall beam" experiments.^ ' This work represented the 
first observation of ultrafine particle formation as a result of photo-
chemical processes. It is now known that Tyndall observed the photolytic 
decomposition of substances such as butyl nitrite, allyl iodide, etc. 
In addition to photolysis, radiolysis induced by high energy radioactive 
particles or rays also leads to the formation of particulate matter. 
In general, the basic processes of formation of particulates from 
gases and vapors may be classified as follows:*- J*- J (1) condensation 
and crystallization, (2) radiation chemistry and photochemistry, (3) non-
photochemical reaction in the gas phase, (4) combustion, and (5) electric 
discharge chemistry. There is not always a distinct boundary between the 
different processes. Also, two or more processes may be responsible for 
one formation. Any of the latter four processes, for example, may produce 
nuclei or critical embryo on which particles may grow from supersaturated vap 
by processes of condensation or crystallization. In this study, attention 




Pffcfcrkorn reported1- '^ ' the formation of non-volatile par-
ticulates on various crystals when exposed to a mixture of air and organic 
vapors irradiated with x-rays or ultraviolet light. Low concentrations, 
or traces, of organic vapors were sufficient to form droplets under these 
radiations. This work implied that the existence of crystals and their 
surface conditions were important factors in the formation of droplets. 
Actually, the droplets were formed in the gas phase and only collected 
on the crystals; this was established early in this investigation of the 
phenomenon. In other words, the surfaces of crystals serve as collectors 
of droplets or as heterogeneous nucleation sites and do not appear to be 
vital to the formation and growth of droplets. Some observations were 
made by Pffeferkorn on the solubility of these droplets in organic solvents, 
the variation of organic vapors, the effect of humidity , and the ad-
dition of NOo on the production of droplets. Droplets became larger and 
more numerous with intense and prolonged radiation, with high humidity, 
and with the addition of NO2. However, little study was devoted to the 
formation and properties of the particulate matter, and, because of the 
extremely small size of the droplets, no chemical analyses were undertaken. 
In preliminary experiments of this investigation, some of Pffefer-
korn's work was repeated; iron oxide whiskers and air-benzene mixtures were 
prepared and irradiated simultaneously by x-rays. Figure 1 is an electron 
micrograph showing tiny iron oxide whiskers prior to the x-ray radiation. 
Figure 2 indicates the same spot of the iron grid after it and the benzene-
air mixture had been subjected to irradiation. 
Figure 1. Electron Micrograph of Iron Oxide Whiskers. X10,600 
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Figure 2. Electron Micrograph of Particulates Attached to Whiskers 
after 1.5 hr. X-ray Irradiation in Air Containing Traces 
of Benzene and Moisture. X10,600 
5 
Condensed Phase Produced by Ionizing Radiation 
An organic vapor, especially a vapor from an unsaturated organic 
compound, under the influence of ionizing radiations has long been known 
to produce polymeric, non-volatile, liquid or solid, particles. Chemical 
reactions induced by the absorption of ionizing radiations are of numerous 
types, such as polymerization, dissociation, oxidation, hydrogenation, and 
reduction. For instance, polymerization occurs when acetylene gas is bom-
barded by a-ray from radon to form spherical cuprene particles, a light 
yellow powder being produced at ordinary temperature and pressure. J 
In this work a yellow precipitate settled on the bottom of the irradiation 
vessel indicating the formation of particulates in the gas phase. Electron 
microscopic examinations by Watson and Kaufman(133)in the same type of 
study showed round particles joined by short necks and appearing to be 
liquid in nature were formed. Radiolysis^ ^ ' of benzene, n-hexane, 
cyclohexane, and cyclohexene in the vapor state produces oily non-volatile 
liquids in addition to hydrogen and other light hydrocarbons under a-ray 
irradiation. The average molecular weight of these liquid products ranged 
from 330 to 360. The material was clear to slightly yellow in color. The 
product from benzene was the most colored and the most viscous of the four. 
Ethylene was reported to form a liquid polymer under the irradiation of a-
C83) ray: ; Propane, a mixture of CH4 and CO2, and a mixture of C2H2 and O2 
also produced polymeric substances under similar conditions. *• 2^ Ambient 
air produces ultrafine particles or condensation nuclei under the influence 
of ionizing radiation.' 2J '23J The generation of ultrafine particles from 
ambient air was examined by Belyaeva1- J who found the concentration of 
particles and condensation nuclei to increase by factors of 4 to 10, re-
6 
spectively, when a-rays were present. The production of condensation nuclei 
by mixing filtered air with thoron, a radio-isotope of radon, has also been 
investigated by Megaw. ' Nuclei concentration increased from 10 to 
about 105 per cubic centimeter when the dosage was increased from 2 to 15 
rads. Since traces of various hydrocarbons and moisture are characteristic 
components of polluted atmospheres and cosmic and x-rays enter the atmos-
phere from space, the formation of ultrafine particles most likely occurs 
naturally.C3°)(69) 
Photochemical Reactions and Aerosols 
Irradiation of trace concentrations of reactive species by sunlight 
or artificial ultraviolet light, in some cases, produces aerocolloids 
ranging from 0.1 to 1.0 micrometer in diameter. Because they scatter light, 
these particles probably influence visibility in the atmosphere. So-called 
photochemical smog is formed by reactions involving airborne hydrocarbons 
and nitric oxides which are introduced into the atmosphere by automobile 
and industrial emissions!- ^ ^ ^ ' The smog formation process is 
characterized by the oxidation of nitric oxide to nitrogen dioxide; the 
oxidation of olefinic and aromatic hydrocarbons to aldehydes and ketones; 
and the formation of oxidant, peroxyacyl nitrate, and other peroxides and 
nitrates.^78^ 
In general, olefinic hydrocarbons of six carbons and higher and 
aromatic hydrocarbons at parts-per-million concentrations in the presence 
of similar concentrations of nitric oxides^ ^ 'produce aerosols when 
irradiated. Two-to-five carbon olefins produce large amounts of aerosols 
in the presence of both nitrogen dioxide and sulfur dioxide. With nitric 
oxide there is an induction period for some photochemical reactions and 
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the formation of aerosol; significant aerosol production starts only 
after nitric oxide is converted into nitrogen dioxide. For olefin-
nitrogen dioxide systems, the production of aerosol increases with in-
creasing concentration of each reactant. Chemical analysis of atmospheric 
and synthetic aerosols shows the presence of carbonyl, hydroxyl, and 
nitrate ester-type compounds; other compounds such as organic acids and 
peroxides are also characteristic components. In other words, particulate 
matter generally appears to be highly oxygenated. Degradation, evapora-
tion, and oxidation of such organic aerosols have also been observed during 
j - • ( 5 1 ) the course of irradiation. 
Aromatic hydrocarbons and olefinic hydrocarbons as well are major 
participants in atmospheric photo-oxidation reactions. Boocock and 
Cvetanovic^- ' have reported reactions between oxygen atoms and benzene, 
and Jones and Cvetanovic^- -* have reported reactions between atomic oxygen 
and toluene. Altshuller, et a^., ' and Altshuller and Cohen have 
compared the reactivities of aromatic hydrocarbons with olefins, paraffins, 
(12") 
and other organic compounds. Altshuller and Leachv J found that alkyl 
benzenes disappeared at a significant rate in dilute irradiated auto ex-
haust. Most of the aromatic hydrocarbons investigated except benzene are 
subject to significant photo-oxidation; benzene shows very low reactivity 
on the basis of most laboratory data. Toluene was reported less photo-
chemical ly reactive than ethylene and the xylenes -..ore more reactive. 
irradiated aromatic hydrocarbon-nitric oxide mixtures form oxidant con-
centrations equal to or greater than those produced in olefin-nitric 
oxide mixtures, but olefin-nitric oxide systems produce lower yields of 
formaldehyde and other aliphatic aldehydes. These irradiated mixtures were 
(13) also reported by Altshuller, et al_. ,v J to form photochemical aerosols, 
cause reduction in visibility, and to result in eye irritation and plant 
damage. Formation of condensation nuclei and aerosols was also investi-
gated by irradiating toluene-nitric oxide and 1,3,5-trimethylbenzene-
nitric oxide mixtures in the parts-per-million concentration range. Con-
densed-phase or aerosol products were reported to contain as much as 50 
per cent of the reacted carbon atoms from the irradiation of some alkyl 
benzene-nitric oxide systems in the parts-per-million concentration range. 
Kopczynski*- <* reported that the chemical nature of condensed-phase 
products appears to be polymeric and generally to contain hydroxyl, car-
bonyl, nitrate, and nitro groups. 
The photochemical oxidation of organic compounds is extremely com-
plex/- Chemists have discovered the build-up of a variety of free-
radical intermediates. The problem in a photochemical system involving 
three or more free-radical intermidiates is that it is not possible to 
derive the mechanism by methods that only analyze for final products and 
reactants. Since irradiated mixtures simulating actual atmospheric con-
centrations contain merely traces of reactants and products, more sensi-
tive instrumentation is required. 
While the details of hydrocarbon photo-oxidation are not known, 
relatively well-defined laboratory systems involving photochemical reac-
tion chambers in which reactive species are confined and conditions are 
maintained, make possible the analysis of gaseous products and particu-
lates. ( ) Theoretically also, development of a diffusion model^ 
is possible by application of modern particle collection and analytical 
chemical methods. The chemical reaction scheme and the physical process 
9 
will be resolved successfully only after the identification of tne aerosol 
components. 
Purpose of the Research Effort 
The general objective of the work presented here was to investi-
gate the formation of non-volatile particulates when a mixture of air and 
organic vapors was irradiated with x-rays or ultraviolet light. Olefinic 
and aromatic organic compounds were to be investigated since these appar-
ently produce the most significant amounts of aerosol for such a study. 
Soft x-ray and ultraviolet light with short wavelength, i.e., in the region 
o(32) 
between 2894 and 2224 A, were to be employed. 
The first effort of this task was to establish the physical condi-
tions of particulate formation. In other words, it required the design 
and operation of chemical reaction chambers. Afterwards, microphysical 
properties such as the size distribution and mass concentration of the 
particulates could be determined as functions of irradiation time, humi-
dity, and the concentration of foreign gases. Radiochemical and photo-
chemical mechanisms were to be considered along with the chemical analysis 
of the particulates. An attempt was to be made to determine if the parti-
culates were polymers. Finally, an effort was to be made to describe the 





X-Ray Irradiation Systems 
X-Ray Irradiation Chambers 
Most experiments were performed under dynamic conditions; however, 
some benzene-air systems were irradiated under static conditions. Iron 
electron microscope grids which carried iron oxide, needle-like crystals, 
or whiskers, were mounted within the containers on a specially made holder 
for the collection of particulates at different positions. These iron 
grids were oxidized in an air stream at about 500°C for various time pe-
riods until the whiskers appeared and grew on their surface. After ex-
posure to the irradiated gases for a short time, many spherical particu-
lates could be detected on the whiskers. Typical electron micrographs 
showing the same spot before and after the irradiation have already been 
presented as Figures 1 and 2. 
Under dynamic conditions, x-ray irradiations were mainly carried 
out in three chambers of different sizes. The first one having a volume 
of 170 cubic centimeters was a piece of 3.2 cm O.D. and 21 cm long Pyrex 
tube with a sealed bottom. It was attached to the x-ray tube by a groove 
and an 0-ring. A laboratory jack was used to push the chamber against 
the x-ray tube. The assembled unit which was most frequently used is 
shown in Figure 3. The second cell, having a volume of 710 cubic centi-
meters, was a piece of 6.5 cm O.D. and 20 cm long Pyrex tube with a sealed 
11 
Figure 3. The X-ray Tube, the Irradiation Chamber, and an Inside View 
of the Lead Vault. 
12 
bottom. The other end was fused to a piece of 3.2 cm O.D . and 5 cm long 
Pyrex tube to accommodate the x-ray tube. The third irradiation cell 
was a modified 3000 cc flask also with a 3.2 cm O.D. neck. The air or 
gaseous stream with hydrocarbon additives and moisture entered at the 
bottom inlet, passed through the chamber, and left at the upper outlet. 
The flow rate was regulated at 100 cc/min. in most cases. An average 
irradiation time was obtained by division of cell volume by flow rate. 
Component Introduction Mechanism 
Reactants were added to the entering air stream by one of three 
different methods. The first method employed a low-flow rotameter 
which was mounted in each gas stream to control the desired amount of 
gaseous reactant such as acetylene. When low concentration was required, 
the mixing process proceeded in consecutive stages. Part of the mixed 
stream from the first stage was subsequently introduced into the second 
stage through a fine needle valve, while the remainder was exhausted to the 
outside. The second method involved a motor-driven syringe which introduced 
the gaseous reactant into the chamber at a uniform rate.(61) The dis-
advantage of this method was that the syringe had to be restored and 
reloaded every 10 to 15 minutes. Thus, it was primarily employed for 
preliminary tests and not for the continuous ones. 
The third method made use of diffusion cells for the introduction 
of low concentrations of liquid reactants. ^ ^ One diffusion cell was 
constructed by connecting a cold trap and a test tube by means of a capil-
lary tube. Another consisted of a 140 cc reactant container and a 250 
cc flask connected also by a capillary tube. The inlet and outlet lines 
13 
of the flask were designed to promote mixing and to minimize exit effects. 
By changing the level of the liquid component in the reactant container 
the level of reactant in the capillary tube was achieved. In this manner 
a constant distance was maintained from the surface of volatile liquid 
to the cell space. The air stream passed through the cell at a constant 
flow rate. The vapor emitted from the liquid in the capillary tube reached 
the air stream largely by molecular diffusion. The mass transfer rate by 
volume, IV, may be expressed by the relationship(8^) 
" = DAr ta4 i2A) 
where D* is the diffusivity of component A in air, A the cross-section 
of the capillary tube, L the length of diffusion path, P the total pres-
sure, and p the vapor pressure of component A. When P is much larger 
A. 
P PA 
— may be replaced by —— . 
PA P 
Since this apparatus was not thermostated, variations of room 
than pA, the term in ~— may be replaced by 
temperature would affect the vapor pressure and diffusivity of the liquid 
additive and therefore change the mass transfer rate and the concentration 
of reactant. Gas chromatography and a hygrometer were employed to monitor 
the hydrocarbon concentration and the gas humidity; adjustments of mass 
transfer rate were made when necessary. 
For some experiments at high hydrocarbon concentration and with mois 
ture,impingers were used which allowed the air or gas to bubble through 
the liquid additive. Thus the air stream was partly saturated with the 
additives. 
Experimental Procedures 
The irradiation chamber and the tubing were cleaned by thorough 
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washing and heating in an oven overnight. Next, the air lines, the dif-
fusion cell or impingers, and the irradiation tube or chamber were as-
sembled. The system required about 20 minutes to achieve a steady state 
after introduction and adjustment of the air stream rate and the rate of 
liquid additive. Gas chromatography and a hygrometer were used to check 
the hydrocarbon concentration and gas humidity. In most cases, the gaseous 
products in the gas stream were sampled and analyzed by gas chromatography 
and with the hygrometer. The particles were collected by Millipore or Nucle-
pore filters, thermal precipitators, and a particle mass monitor; they were 
examined by electron microscopy. 
When the desired concentration levels of reactants attained a steady 
state, the x-ray generator was turned on. Sampling and related measurements 
were started after about 10 minutes which allowed the irradiated system 
to reach another steady state. During the irradiation period, the inlet 
air stream was often sampled and analyzed so that a constant additive 
concentration could be maintained. The x-rays were turned off after an ade-
quate irradiation time period. 
The X-ray Source and Dosimetry 
The source of x-radiation was provided by a Machlett, Model OEG-60, 
x-ray tube (Figure 3) operating at 50 pkv and 50 ma. X-rays, arising from 
the bombardment of a tungsten target by the electron beam, emerged from 
C74") 
the tube through a beryllium window. The window provided a wide-angle 
(60°) cone of radiation. The spectrum of the OEG-60 x-ray tube at the 
maximum settings was investigated by Raridon . (9°) The median wavelength 
o 
of the spectrum was about 0.4 A. The master control panel from which the volt-
age and the current were controlled is shown in Figure 4. The photograph also 
Figure 4. The Colorimeter, the Lead Vault, the Particle Mass Monitor, 




shows the lead vault which housed the x-ray tube and the irradiation cell 
When the unit was operated at the maximum settings of 50 pkv and 
20 50 ma, the intensity of the x-ray was about 10 ev/min. or two million 
21 roentgens per minute. The total beam intensity was 6.4 x 10 ev/hr at a 
distance of 2 cm from the window.^ ' Chemical dosimetry using ferrous 
sulfate solutions gave dose rates of 3.17 x 1018, 0.88 x 1018, and 0.0132 
1 g 
x 10 ev/gm/min. at distances of 1-1/2 in., 2 in. and 2-3/4 in., respec-
(75) 
tively, from the beryllium window. 
Ultraviolet Irradiation Systems 
The generation of photochemical smog from parts per million con-
centrations of hydrocarbons and nitric oxide in humidified air using reac-
tion chambers and UV light has been investigated in a number of labora-
tories \$") 153M136J More experimental work at concentrations approxi-
mating those of the atmosphere is still needed. In this study, the con-
centrations of aromatic and olefinic compounds and nitrogen oxides were 
employed at somewhat more than ordinary atmospheric levels -- about 10 
ppm -- so as to produce adequate amounts of particulates for microphysical 
and microchemical analysis. 
The Mercury Vapor Lamp and Immersion Well 
The source of ultraviolet light in the photochemical reaction 
chamber of this study was a 450 watt Hanovia, type 679A-36,medium-pressure 
quartz, mercury-vapor lamp which produced 175.8 watts of radiant energy 
° (32) 
with wavelengths primarily between 2224 and 13673 A. The spectral 
o 
distribution was centered at about 3660 A. A quartz double-walled well 
o 
assembly was employed to permit transmission of wavelengths down to 1849 A 
and to provide a passageway for coolant to remove heat from the mercury 
17 
lamp. A schematic diagram of the immersion well and the lamp are shown 
in Figure 5. 
Light Intensity Measurement 
Both the reaction chamber and the lamp (see Figures 5, 6, and 7) 
were not of simple shape; thus the radiation was not uniformly distri-
buted within the reaction region. in order to account for this and to 
include factors for light distribution and effective path length, inten-
sities were established by the rate of photolysis of NO- at low concentra-
(27)(124) 
tion in nitrogen. These results were expressed by a first-order 
rate constant for N02 photolysis, Kd, the equation^
 J being 
*Sm. = - Kd (N02) (2.2] 
where K, is considered equal to <f>Ka with <f> being a primary quantum yield 
which was taken as unity*• 4^ and Ka the rate of light absorption. For 
this 45-liter chamber and the 450-watt mercury lamp, N02 at 1.0 ppm in Mathe-
son zero-grade nitrogen gas had a half life of 3 minutes. This gives a 
value of K of 0.23 min. and is a measure of the light intensity in 
one series of experiments. Another value for K^ of 0.17 min." was 
obtained when a Pyrex glass sleeve was placed between the lamp and the 
immersion well to prohibit the transimission of light with wavelength 
o 
below about 2800 A. These two values are close to typical noonday sun-
light intensities which range from 0.15 to 0.3 min. ^ ^ these meas-
urements being made in San Francisco between 11 a.m. to 3 p.m. on several 
sunny clear days in September. 
The Ultraviolet Light Irradiation Chambers^ '̂  J 
Two glass reaction chambers were constructed. One, an annular 
A REACTION CHAMBER 
B QUARTZ IMMERSION WELL 
C CAP 
D: MERCURY LAMP 
E SAMPLING TUBES 
F' SWAGELOK REDUCING UNION 
Figure 5. Schematic Drawing of Ultraviolet Irradiation Chamber 












































































type, was mainly employed for preliminary studies. The outermost part 
was a piece of 10 cm O.D. Pyrex glass tube 30 cm long; it was connected 
to the quartz immersion well by a female 60/50 standard tapered ground 
joint. Most experimental work was performed in a modified 12-gallon 
Pyrex glass bottle (Figure 6). The mouth of the bottle was enlarged and 
ground smooth. A special glass connector (Figure 5) was made to accommo-
date the quartz immersion well with a female 60/50 standard tapered ground 
glass joint. The glass joint was fitted to the bottle with the connector. 
The connector incorporated sampling ports and one input port. Each port 
was connected to glass tubing by Swaglok fittings. The two sampling ports 
extended to the end of the quartz immersion well, keeping 3 cm from 
its wall. The input port had no extension, so the input reactants 
were injected near the top of the chamber and the products were withdrawn 
from the middle portion of the chamber (see Figure 5). All-glass or -quartz 
construction provided an essentially inert reaction system. 
No stirrer or other agitating device was employed. Concentration 
measurements as a function of time showed that hydrocarbon vapor and other 
gaseous constituents became homogeneous in a short time after introduction. 
Dilution tests, for example, showed that this followed an exponential decay 
pattern. Furthermore, radiation to the walls of the chamber during an 
actual test generated convection currents in the chamber which produced 
further mixing and prevented gas stratification. The outer walls of the 
reaction chamber were covered with aluminum foil both to increase the 
radiation intensity and to serve as a safety feature. The wall temperature 
was found to be 32°C after 20 minutes of operation, or slightly higher than 
the ambient temperature of 28°C inside the chamber.1 The pressure in 
22 
the chamber was measured by a mercury manometer at 2 to 3 mm of mercury 
above atmospheric pressure. The total volume of the reaction chamber 
was 45.5 liter. 
Dilution tests and concentration measurements indicated that there 
was no significant loss in total hydrocarbon content when the chamber was 
filled with benzene and other hydrocarbon compounds at 10 ppm concentration 
and allowed to stand for two hours. Concentration measurements of propion-
aldehyde on the other hand showed a 3 to 5 per cent loss after two hours of 
standing. This indicates there was some adsorption of propionaldehyde by 
the Pyrex glass which may account for part of the decrease of aliphatic 
aldehydes after the maximum concentration was attained during the ultra-
violet irradiation process as described subsequently. Also humidity studies 
showed some significant water vapor condensation and adsorption onto chamber 
walls. For example, when the chamber was dosed with an amount of water 
sufficient to produce a relative humidity of 18.9 per cent at 28°C, the 
measured humidity value was actually 14.3 per cent. 
The effect of the Pyrex wall and the possible existence of wall 
reactions were also considered. The chamber was sometimes pre-conditioned 
by being exposed to a reaction mixture prior to an actual test to mini-
mize further adsorption. When a series of experiments with one particular 
reactant mixture was performed, data weTe taken from the second or later 
tests. This precaution was taken because rates of wall reactions have 
been shown to be considerably reduced by allowing reaction products to 
(94) 
form an extremely "thin layer" on the surfaces of walls* 
The simultaneous analysis, sampling, or monitoring of two or more 
products required that samples be drawn from the chamber at flow rates 
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from 300 to 500 cc/min. To compensate for the volume of gas removed, 
purified air was added at the same flow rate. Concentration measurements 
proved that the dilution followed an exponential decay, i.e., that the 
concentration of the organic reactant was described by the expression 
Qt 
C = C0e
 4 5 5 0 0 (2.3^ 
where C and C are the time dependent and original concentrations re-
spectively, t the time in minutes, and Q the flow rate in cubic centimeters 
per minute. Heterogeneous decomposition of ozone on walls has also been 
noted. (39) increases in the rates of NO2 and ozone formation and hydrocar-
bon disappearance were found after the walls of the chamber were cleaned by 
(53) 
both heating and evacuation and upon conditioning by NO2• 
Controllable Reactant Introduction Mechanism 
Reactants were added to the chamber through an injection system 
consisting of a greaseless needle valve, stainless steel and glass tubing, 
and a glass injection port with rubber septum. A weighed quantity of 
water was injected through the septum into the injection port. The desired 
amount of hydrocarbon was injected as a liquid with a 5 microliter 
syringe. Both the water and the hydrocarbon were vaporized by heating the 
injection port. A measured volume of one of the nitrogen oxides was also 
injected with a gas-tight syringe. Purified air was then used to purge 
the injection port and sweep the reactants into the reaction chamber. 
Steady and homogeneous distribution of reactants was attained in a few 
minutes. In some tests, a diffusion cell was also used to provide a con-
tinuous addition of hydrocarbon to the reaction chamber. Details of the 
diffusion cell are described in the preceding section of this chapter. 
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Reactant concentration was made slightly excessive during the in-
troduction period, but irradiation was started just as the dilution re-
duced concentrations to the desired values. Purified dilution air passed 
through a calibrated rotameter, a by-pass line, and a fine needle valve 
on its way to the chamber. The flow rate was adjusted to equal the sam-
pling flow rate and was checked by pressure readings from the chamber. 
Experimental Procedures 
The reaction chamber was cleaned between different tests by washing 
with diluted hydrofluoric and hydrochloric acid solutions followed by 
several distilled water rinses. The chamber was dried by blowing air 
through it. For a series of identical chemical tests, the cleaning proce-
dure between runs involved only evacuating and purging in order to main-
tain the chemical passivity of the chamber walls. The chamber was purged 
by dry air just before starting each run, and a total hydrocarbon ana-
lyzer was employed to measure the concentration of hydrocarbon in 
the exhaust. Always the hydrocarbon content was brought below 2.0 ppm CH.. 
When zero air was used in the purging, the hydrocarbon content was usually 
carried below 1.0 ppm CH^. 
At this time other analytical instruments were turned on to begin 
equilibrating.These included the gas chromatograph, hygrometer, and the 
NCL colorimetric analyzer. The ozone scrubbing sampler and aldehyde scrub-
bing sampler were readied. Also, sampling and monitoring devices for par-
ticulate products were started and checked. These included Millipore or 
Nuclepore filters, thermal precipitator, electrostatic precipitator, par-
ticle mass monitor, and electron microscope. The details of each device 
and its function will be discussed in subsequent sections. 
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Next, the calculated amount of hydrocarbon was measured and injected 
with the microliter syringe. For a test involving humidity, the desired 
quantity of water was introduced before the injection of the hydrocarbon. 
When the flow of the entering air steam was adjusted equal to the sampling 
rate and the hydrocarbon concentration reached the desired value, the 
mercury lamp was turned on and cooling water was allowed to run through 
the jacket of the immersion well. Thereafter readings from the particle 
mass monitor, the NO-, indicator, and the colorimetric analyzer were taken 
as nearly simultaneously as possible. Particulate samples were taken also 
by filtration, thermal and electrostatic precipitation, and gas samples 
were collected for gas chromatography, for the flame ionization detector 
of hydrocarbons, and for ozone and aldehyde analysis. 
After 100 minutes or other desired reaction period, the mercury 
lamp and all other instruments were turned off, and the reaction chamber 
was immediately purged to avoid accumulation of reaction products. Samples 
for ozone and aldehyde analysis and the collected particulate samples were 
carefully stored for later evaluation. 
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CHAPTER III 
SPECTROMETRY ANALYSES AND CHEMICAL NATURE OF PARTICULATES 
Investigation of the chemical nature of radiation-induced aerosols 
is subject to many difficulties. First, the yield of particulate products 
from the irradiation of hydrocarbons in the parts per million range is 
extremely low, often fractions of a milligram. Second, collection 
must be carefully accomplished to avoid contamination. Third, the parti-
cles are often insoluble in the common solvents employed in infrared 
spectral methods. And, finally, the KBr pressed disc*-81) and other tech-
niques^- -* are both difficult and inconvenient. Pffeferkorn^ ' has 
phrased the situation as follows: " Nothing can yet be said of the chemical 
composition of these reaction products, since the weight of droplets --
which can only be seen under the electron microscope -- is so small that 
they cannot be analyzed with available chemical method." 
Most x-ray induced particulates and photochemical aerosols are 
insoluble in common organic solvents, although particulates produced from 
photochemical reactions involving benzene-nitric oxide-air mixtures are 
partially soluble in ethanol and acetone. Thus, the separation of parti-
culate components by thin layer or liquid chromatography followed by mass 
spectral analysis of the isolated substances was seriously restricted due 
to the absence of suitable solvents. Nuclear magnetic resonance (NMR) 
spectrometry was also confronted by the same obstacle, although some 
analysis work was attempted on the products from benzene-nitric oxide-air 
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mixtures. Four different solvents were used -- CH^OH, CC1 , C FLOD, and 
3 4 2 5 
CH-COCH, -- but the effort was fruitless primarily because of the low 
amount of dissolved components. Again, a proper solvent not being avail-
able rendered ultraviolet spectrometric analysis out of the question. 
Electron microprobe method was used for the non-destructive analyses of 
some x-ray induced particulates. An Electron Probe X-ray Microanalyzer, 
Model MS-64, manufactured by Acton Laboratories of Massachusetts was em-
ployed, and four different samples, each produced from the x-ray irradi-
ation of benzene or acetylene in air with and without the addition of water 
vapor, were examined. The ratio of carbon, nitrogen, and oxygen in these 
samples was found to be remarkably similar, an average ratio of C:N:0 of 
12: 5: 10 by number of atoms being obtained. The surprising constituent 
is the high amount of nitrogen. Some of the nitrogen in products from the 
C^FU-air system may be in the form of nitrites, since the mass spectra 
showed ion fragments at 30 (NO) and 60(CH20NO) which are indicative of 
C17) alkyl nitrites. However, the high ratios of nitrogen atoms in the 
samples produced from either benzene or cyclohexene in air still remain a 
mystery. 
Infrared Spectrophotometry Analysis of Particulates 
Mader and coworkers^"^ carried out infrared analyses of atmospheric 
and synthetic aerosols which indicated the presence of carbonyl and hydroxyl 
groups as well as compounds of nitrates and esters. Renzetti and Doyle, 
using ether extraction on aerosol samples which were produced from the 
ultraviolet irradiation of automobile exhaust, also showed the presence of 
carbonyl and hydroxyl groups. Sawicki and Hauser*- 4' employed infrared 
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spectral methods to detect carboxylic acids and aldehydes in airborne 
particulates by the reactions of various types of carbonyl compounds with 
phosphorus pentachloride and with diethylamine. Sloane, J however, 
established that specially made thin cellulose nitrate-acetate membrane 
filters, of the types manufactured by the Millipore Corporation, could be 
used in a differential technique involving an infrared analysis. Thomas 
and Dwyer1 applied this technique to the analysis of gas-chromatographic 
(57] 
effluents. Hannah and Dwyer1 ^ also made infrared analyses of suspended 
particulates with Millipore filters, although attenuated reflection was 
measured instead of absorption or transmission. 
Infrared Spectrophotometer and Sampling Method 
Particulates were collected at the outlet of the x-ray or ultra-
violet irradiation chamber by a ultrafine Millipore TH filter of 25 Urn 
thickness held by a standard Swinny Filter Holder. Afterwards, the filter 
was placed in a specially made sample cell of a double beam infrared spec-
trophotometer. Another matched Tri filter was placed in the reference beam 
of the instrument to negate the spectrum of the sample beam filter. Paired 
filters were checked by running them in the sample and reference beams and 
making the required compensation before collecting the sample. Thus, par-
ticulates were examined spectroscopically as a thin layer collected on a 
(118) 
filter- Their spectra were recorded between wavelength of 2 and 15 urn 
using a Perkin-Elmer, Model 211, Infrared Spectrophotometer equipped with 
automatic slit control and NaCl prism. 
Chemical Structure of X-ray Irradiation Products 
The infrared spectrum (Figure 8) of samples produced by the x-ray 
irradiation of air and benzene systems are similar to those of phenolic 
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Figure 8. Infrared Spectrum of Particulate Products from the 
X-ray Irradiation of Benzene-Air Mixture. 
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Figure 9. Infrared Spectrum of Particulate Products from the 
X-ray Irradiation of Cyclohexene-Air Mixture. 
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resins except for a strong band at 1720 cm which likely results from 
the C=0 stretching vibration and a strong band at 1340 cm which pro-
bably results from 0-H bending vibration. -* Evident aromatic charac-
teristics are revealed. An absorption band occurring at 3200 cm indi-
cates benzene ring C-H stretching vibration. The peak at 1765 cm" results 
from the possible existence of phenyl acetate. Weaker combination and 
overtone bands at 1600, 1530, and 1480 cm"* are highly characteristic of 
the benzene ring substitution pattern. The bands at 708 and 742 cm pro-
bably arise from monosubstitution or 1,2 substitution in the benzene ring. 
Those bands at 920, 1200, 1270, and 1440 cm" 1 most likely result from 
aromatic C-C stretching and C-H bending vibrations. The band at 3400 cm -* 
likely results from 0-H stretching vibrations; the band at 1340 cm 
indicates 0-H bending vibration; and the band at 114 5 cm" results from a 
C-OH or C-O-C stretching vibration. 
The aromatic vibration modes and the strong band at 1720 cm" , which 
shows a C=0 stretching vibration,indicate the presence of aromatic alde-
hydes. The bands at 1720, 1270, and 1110 cm" also indicate the character-
istic vibration modes of benzoates and phthalates. When purified air is 
replaced by dry nitrogen, the absorptions at 1765, 1720, 1340, and 1145 
cm" in the product spectra diminish while all other aromatic character-
istic bands remain. This suggest an attack of oxygen on aromatic bonds to 
form oxygenated compounds. 
The spectra of products from the x-ray irradiation of acetylene-air 
and acetylene-oxygen systems are shown in Figures 10 and 11. The band at 
3320 cm" 1 is thought to result from an 0-H stretching vibration. The peak 
at 2950 cm" indicates an aliphatic C-H stretching vibration. The band at 
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Figure 10. Infrared Spectrum of Particulate Products from the 
X-ray Irradiation of Acetylene-Air Mixture. 
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Figure 11 Infrared Spectrum of Particulate Products from the 
X-ray Irradiation of Acetylene-Oxygen Mixture. 
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1170 cm" probably either results from a C-OH or a C-O-C stretching vibra-
tion, and, combined with the existence of a broad band between 1300 and 
1400 c m , it indicates the existence of tertiary aliphatic alcohols. The 
bands at 980 and 1400 cm probably show the existence of a vinyl group. 
The strong band at 1720 cm" may again result from a C=0 group. 
In the spectrum of samples produced from the x-ray irradiation of 
a cyclohexene-air mixture (Figure 9), the bands at 2820 and 3000 cm" are 
thought to result from aliphatic C-H stretching and the band at 1400 cm 
from C-H bending. Also an absorption band exists at 1710 cm" which 
suggests the presence of a carbonyl group. Part of the shoulder at the 
1600 cm-1 side of the C=0 peak disappeared within an hour, probably 
showing the evaporation of one carbonyl component in the mixture. The band 
at 1185 cm"1 indicates a C-OH bending or a C-O-C stretching vibration. 
According to one study of the infrared spectra of carboxylic acids , ̂  ' 
the peak at 1710 cm" , the shoulder at 2550 cm" , and broad bands from 1300 
to 1400 cm and from 870 to 1000 cm" , offer evidence that carboxylic 
acids are important constituents. The sample shows strong carbonyl absorp-
tion and is also highly aldehydic . The shoulders at 2700 and 2800 cm" 
are characteristic of aldehydic C-H stretching vibrations. ^ 
Sears and Parkinson*- ' noticed oxidation products to form in 
nuclear irradiated polystyrene. The 0-H band at 3400 cm and the C=0 
band at 1700 cm" increased greatly in intensity during an exposure follow-
ing irradiation in vacuum. This result is very similar to the highly oxi-
dized products found here which also contain hydroxyl and carbonyl groups. 
McAndrews^ reported radical yields in electron irradiated aromatics, 
phenyl (C6Hr*) and cyclohexadienyl (C^Hy-) radicals being the principal 
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products. These and other radicals appear to be characteristic inter-
mediates during x-ray irradiation. Such a radiation-induced oxidation 
mechanism could derive from an attack of molecular oxygen on the benzene 
ring, on unsaturated compounds, or through combination with these free 
radicals. Therefore, irradiation of gas mixtures form many new 
compounds such as phenols, aromatic aldehydes, alcohols, peroxides, and 
other oxygenated organic compounds. The spectra of these compounds over-
lap each other and tend to obscure the band characteristic of individual 
molecules. 
Chemical Structure of Photochemical Products 
The infrared spectrum of fresh aerosol produced from the photo-
chemical reaction of 10 ppm benzene in purified air in the presence of 10 
ppm NO is shown in Figure 12. The band close to 3300 cm" is thought to 
result fromanO-H stretching vibration; the shoulder at about 3000 cm" 
indicates an aromatic C-H stretching vibration; while the strong band at 
approximately 1720 cm- probably results from a C=0 stretching vibration. 
An overlapping of bands is evident, especially between 900 and 1400 cm~ . 
The bands at 1200, 1260,and 1310 cm" probably indicate 0-H bending, and 
the band at 1400 cm could result from C-0 stretching vibrations. N-con-
taining groups are not evident in significant amounts according to the 
interpretation of this infrared spectrum. 
In the spectrum (Figure 13) of particulate material produced from 
the photochemical reaction of 10 ppm benzene in purified air, again, the 
band at 3300 cm" indicates 0-H stretching, and the peak at 2860 cm" 
results from aliphatic C-H stretching vibration. The strong band at 1720 
cm" , which results from a C=0 stretching vibration, indicates the exist-
34 
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Figure 12. Infrared Spectrum of Particulate Products from the 
Photochemical Reaction of Benzene-Nitric Oxide-Air 
Mixture. 
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Figure 13. Infrared Spectrum of Particulate Products from the 
Photochemical Reaction of Benzene-Air Mixture. 
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ence of esters. A similar spectrum was obtained when water vapor was 
added to the air. 
Strong similarity exists between the infrared spectra of products 
from the ultraviolet irradiation of 10 ppm toluene and 10 ppm o-xylene in 
purified air. With toluene (Figure 14) there is a strong band at 1710 cm-1. 
The overlapping of bands elsewhere makes further interpretation difficult. 
For the o-xylene (Figure 15) the peak at 3350 cm~ indicates the 0-H 
stretching vibration, and the shoulder at 2950 cm- likely results from 
aliphatic C-H stretching. The strong band at 1730 cm~ shows C=0 stretch-
ing and, because of the bands at 1275 and 1060 cm"^, also indicates the 
presence of aromatic esters. The weak band at 1375 cm probably results 
from an aromatic C-C stretching vibration. Bands at 1220 and 1165 cm 
indicate, possibly, C-OH stretching vibration. Peaks at 840 and 750 sug-
gest unsymmetrical aromatic substitutions. The band at 1165 cm" might 
indicate the structure C-O-C, i.e., ethers .(117) The spectrum of the 
irradiation products from o-xylene-air mixtures bears a strong similarity 
to that of diethylphthalate . t1"0) 
Mass Spectrometric Analysis of Particulates 
A pure organic compound produces a certain fragment pattern or 
spectrum in a mass spectrometer, and the identification of certain compounds 
can be achieved by comparison with a reference spectrum. J Since 
the products from either the x-ray or ultraviolet irradiation system are 
obviously mixtures of highly oxygenated organic compounds, only some of 
the components can be identified qualitatively by comparison of their mass 
spectrum peaks with those commonly encountered in the mass spectra of 
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Figure 14. Infrared Spectrum of Particulate Products from the 
Photochemical Reaction of Toluene-Air Mixture. 
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Figure 15. Infrared Spectrum of Particulate Products from the 
Photochemical Reaction of o-Xylene-Air Mixture. 
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organic compounds. This method should, however, be used with caution. 
It is probably of most value when used in conjunction with the analytical 
results of the preceding section, i.e., the infrared spectral studies. 
A mass spectrum results from dissociation under electron impact. 
A mass spectrometer must be operated with an extremely high vacuum. Under 
this condition collisions and combinations are negligible, which means 
f 81) 
the measured masses are probably those of the primary ions . In the 
x-ray irradiation reactions of this work, the involvement of energetic 
intermediates, such as those appearing according to mass spectra, could 
(90) 
be completely obscured in the final particulate product. Meyerson 
has discussed the similarity of patterns from radiolysis, photolysis, and 
mass spectroscopy for pnenyl alkyl ketone. It was concluded that mass 
spectra are most useful as a guide in studying radiolytic systems. And, 
in the investigation of energetic intermediates and reaction mechanisms 
of radiolytic and photolytic systems, it must be recognized that some of 
the intermediates may have resulted from fragmentation in the mass spec-
trometer . 
Mas_s_ Spectrometer and Sampling Method 
The mass spectrometer used for the analysis of particulate samples 
was a Varian Analytical Instrument Division product, Model M66. This 
particular mass spectrometer was capable of resolving mass numbers m/e, 
i.e., the ratio of mass to charge, up to 2000. Mass spectra were obtained 
at a beam energy of 70 electron volts, under a vacuum ov 1 x 10 to 5 x 
_7 
10 torr, while samples were "baked" at a probe temperature from 100 to 
330°C depending on the volatility of the samples. Under these conditions 
many fragment ions were formed. The resulting spectrum is a presentation 
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of the masses oP the fragment ions versus their relative intensities. 
The sampling method employed for x-ray irradiation had to be ad-
justed to the requirements of the analysis. Since the x-ray irradiation 
process involved steady-state, continuous flow, the reaction was allowed 
to proceed for approximately 30 minutes before sampling for mass spectro-
metric analysis was begun. The sample was then collected from the outlet 
of the irradiation system by thermal precipitation at a flow rate of ap-
proximately 100 cc/min. for a period of from 30 min. to one hour. Finally, 
the sample was transferred from the precipitator to a capillary tube and 
sealed before it was taken to the mass spectrometer. 
For photochemical reaction systems, the chamber was first 
flushed with purified air, then the hydrocarbon or nitric oxide at 10 ppm 
was injected into the chamber through a septum using a microliter gas-
tight syringe. As soon as a homogeneous concentration in the chamber was 
attained, the irradiation lamp was turned on. Aerosol sampling at a flow 
rate of 1600 cc/min. was started at the same time. Thus these experiments 
were dynamic in nature and allowed on the average a 30-minute residence time 
in the chamber undergoing irradiation. At the end of each 30-minute period, 
another 10 ppm of hydrocarbon or nitric oxide was added to the chamber. 
The particulate product was again collected by thermal precipitator, trans-
ferred to a capillary tube, and sealed for later mass spectrometric analysis. 
Mass Spectra of X-ray Irradiation Products 
Investigations were made using acetylene at different concentrations 
in purified air or oxygen. In all product spectra here, homologous series 
peaks were found at low mass numbers up to 100, terminating in a series of 
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much smaller peaks without the appearance of any parent or molecular ion 
peaks. A typical example is shown in Figure 16. This mass spectrum was 
£iven by the particulate product from the x-ray irradiation of 5.0 per cent 
acetylene in purified air, and was obtained at an electron beam energy 
of 70 eV, a probe temperature of 250°C, and a vacuum of 2 x 10 torr. 
An examination of Figure 16 shows the complexity of the sample: 
there are oaraffinic characteristics, i.e., the major peaks are 14 units 
(CIl ) apart and the peaks at 43 (C3H7) and at 57 (C^g) are large. There 
exist olefinic and aromatic peaks such as 39 (C-H-), 41 (^H^), 55(C4Hy), 
77 (C^Hp) , and 79 (Ĉ -Hy) . Therefore, it is concluded that this sample is 
a mixture of hydrocarbon compounds with saturated and unsaturated compo-
nents. The peaks at 18 (ty)), 28 (CO), 29 (CHO) , and 44 (CH CHO or C02) 
indicate highly oxygenated compounds. Since most oxygenated compounds 
break with loss of H20, the complementary losses of mass 28 and 44 indi-
cate the presence of aldehydic and acidic compounds. The sample would 
thus appear to consist of aldehydes and carboxylic acids with their poly-
mers as important constituents. Significant peaks were found in the mass 
spectrum of the aerosol products at mass numbers much greater than the mo-
lecular weight of the reactant, e.g., acetylene. This would indicate 
that acetylene, when irradiated in air, reacted with itself or with oxygen 
and radiation induced radicals to form compounds of high molecular weight. 
Compound carbon chain length could be of the order of 10 or higher for the 
vaporized sample, i.e., the resolved part of the sample in the mass spec-
(1281 
trometer. Turner1 ; in performing mass spectrometric analyses noted the 
existence of a black non-volatile residue under high vacuum and temperature 
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Figure 16. Mass Spectrum of Particulate Products from the X-ray Irradiation 
of Acetylene-Air Mixture. 
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Mass Spectra of Photochemical Aerosols from Traces of Benzene in Air 
The mass spectrum shown in Figure 17 was obtained for particulate 
products from the photochemical reaction of 10 ppm benzene in purified air. 
It was obtained at 70 eV, 10~ torr, and 250°C. The finding of most in-
terest from this spectrum is that it indicates the possible presence of an 
aromatic ketone, perhaps fluorenone,and low molecular weight compounds 
containing hydroxyl and carbonyl groups. The peak at 180 indicates the 
parent ion of fluorenone and the peak at 152 probably is an aromatic frag-
f 181 
ment after loss of CO. The existence of other quinonic compounds such 
as xanthone and fluorenone-ol is suggested by the small "parent peak" at 
196. The peak at 168 could show the existence of diphenylene oxide. 
Another spectrum obtained from what was supposed to be an identical 
sample tested similarily at 70 eV, 250°C, and a vacuum of 5 x 10 torr 
showed no parent peaks at high mass number. Instead distinct peaks at 18 
(HO), 29 (CHO), and 44 (CH-CHO) showed characteristics of compounds 
containing carbonyl groups. Other ion fragments such as 77 (C^H5), 93 
(C^H^O), and 105 (C^h^CO) offer evidence for the possible presence of 
aromatic aldehydes and ketones or quinonic compounds. 
Figure 18 shows the mass spectrum obtained from a photochemical 
aerosol sample obtained from 10 ppm o-xylene in purified air at a probe 
temperature of 100°C, a pressure of 10 torr,and with an electron energy 
of 70 eV. Again, a prominent peak at 105 and others at 91, 77,and 60 
were obtained. These mass numbers would suggest the presence of the frag-
ment ions C6H5CO, C6H5CH2, C6H5, and CH3C00H, and indicate the original 
presence of aromatic ketones and organic acidic and aldehydic compounds 
as main components of the resolved and vaporized part of the sample. 
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Figure 17. Mass Spectrum of Particulate Products from the Photochemical 
Reaction of Benzene-Air Mixture. 
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Figure 18. Mass Spectrum of Particulate Products from the 




Mass Spectra of Photochemical Aerosols from Traces of Benzene and Nitric 
Oxide in Air 
The mass spectrum of particulate products from the photochemical 
reaction of 10 ppm benzene and 10 ppm nitric oxide in purified air was 
obtained at an electron energy of 70 eV, probe temperature of 150°C, and a 
pressure of 10" torr (Figure 19). This spectrum shows paraffinic and 
olefinic characteristics as indicated by large peaks at 43 and 57, and 
peaks at 41, 55, 69, 83, and 97. Strong peaks at 18 (H-0), 28 (CO),and 
44 (CH^CHO) probably result from hydroxyl and carbonyl groups in the mix-
ture. No peaks at 39, 51, 53, 63, 65, 77, and 91 indicate the absence 
of aromaticity in this sample. This differs considerably from the spectra 
of products from other benzene-air systems without nitric oxide. No sig-
nificant peak at a mass number of 45 shows the doubtful presence of nitro-
somethane which is the primary product of the reaction between methyl ra-
dicals and NO. ̂  -̂  Fragment ions detected at masses 17, 28, and 41 are 
unlikely to be the N-containing species NH^, N2, and CH^CN, respectively. 
Infrared spectrs of this sample also indicated little absorption in the 
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Figure 19. Mass Spectrum of Particulate Products from the Photochemi-





RADIOCHEMICAL OXIDATION AND THE FORMATION OF PARTICULATES 
The Ionizing Effects of X-rays on Air 
The energy of a quantum of radiation is related to wavelength by 
he 12395 f. .. 
E = — = (4.1) 
X X 
o 
where E is the energy in eV and X the wavelength in A. A median wavelength 
o 
at about 0.4 A was determined from the continuous spectrum of the x-ray 
source of this study. *• J Hence the x-ray beam possessed an average energy 
of about 31 KeV. The formation of a photoelectron by a process of photon 
absorption predominates when an x-ray interacts with a molecule. According 
f 81) 
to the data of C.E. Lea* ; about 86 per cent of electrons are photo-
electrons when water molecules undergo x-irradiation. The other result is 
the ejection of an electron by the Compton effect, i.e., a collision pro-
cess between a photon and an electron in which the electron is driven from 
a molecule. This process produces about 14 per cent "fast" electrons 
having an average energy of 1600 eV. A 1600-eV electron ionizes and excites 
many molecules as it passes near them. One ion pair is produced from air by 
each 32.5 eV on average. Thus a 1600-eV electron produces numerous ion 
pairs and excited molecules, the initial chemical activation in radiation 
chemistry with gaseous molecules is generally written 
.. Radiation M+ ^ M* (A 9^ 
M y M + e or M* l^.zj 
where e is a free electron and M* is an excited molecule. The extent of 
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chemical reaction in many cases is proportional to the number of ion pairs 
and excited molecules produced in the reaction medium by the x-ray radiation, 
When air is irradiated with x-rays, chemically active species, i.e., 
ions, excited molecules, and atoms are formed. These are highly reactive 
and have a very short lifetime. No attempt was made to measure the actual 
ionization of the x-irradiated air with or without hydrocarbon additives. 
Calculations have shown,however, that Compton electrons have an average 
energy much higher than the ionization potential of air. Therefore, the 
primary constituents of air, i.e., nitrogen and oxygen,are thought to under-
go the following ionization processes as proposed by Dmitriev'- ^ : 
N2 *lE2Z*. N2
+ + e (4.3) 
and N2
 X"Cay » N+ + N + e (4.4) 
Equation (4.3) shows the molecular ionization of nitrogen with an 
electron energy equal to or greater than 15.6 eV, while equation (4.4) in-
dicates dissociative ionization of nitrogen beginning at 24.3 eV. Because 
of the higher energy barrier, process (4.4) is much less probable than pro-
cess (4.3). Similarly, equations (4.5) and (4.6) 
02 *^L+ o2
+
 + e (4.5) 
02_2L-
ra>L_^ o+ + 0 + e (4.6) 
show the formation of oxygen ions starting at 12.2 eV and the dissociative 
ionization of oxygen starting at 19.2 eV. All of the "slow" electrons 
released as a result of reactions (4.3) to (4.6) are subject to capture by 
oxygen molecules as indicated by equation (4.7). 
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°2 + e "*" °2~ ^4-7^ 
All air ion species disappear rapidly as a result of neutralization 
processes such as the following : 
N2
+ + o2" + N2 + 02 (4.8) 
X ray Induced Formation of Ozone and Nitrogen Dioxide 
When ultrapurified air with a trace of benzene was exposed to x-rays 
at the highest intensity for an average irradiation time of 3 minutes, 
a concentration of 6.0 ppm ozone was attained and detected by the iodide 
solution method. Steady state was attained within 10 minutes. The con-
centration would then decrease to zero in about 20 minutes following cut-
off of the radiation. With dry-grade oxygen and all conditions the same 
as the preceding except that irradiation was terminated after two minutes, 
FI constant ozone concentration of ] 1 .4 ppm was reached. A final test was 
made with air containing 450 ppm acetylene. After a period of 10 to 15 
minutes, the measured ozone concentration of 13.3 ppm was higher than 
those of the other two systems. 
Equation (4.6) has already shown the dissociative ionization of 
oxygen molecules to form oxygen atoms and ions. The only possible chemical 
reactions of these elementary oxygen species lead to the formation and 
decomposition of ozone. The following two equations indicate mechanisms 
for the formation of ozone : 
O + O + M + O + M (4.9) 
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0+ + 0 + M "*" 0 + + M (4.10) 
where M is the third molecule, either nitrogen or oxygen. Ozone molecules 
can also be formed by the mutual neutralization of the 0 + ion by a nega-
tively charged ion or an electron. 
A spectrophotometry method using the Saltzman reagent indi-
cated a low concentrations of NCL in the x-ray irradiated air. A steady 
concentration of NO at approximately 1.0 ppm was established after 5 
minutes of irradiation. The average irradiation time for a test was about 
2 minutes. The reactions that account for the formation of nitrogen oxides 
must be secondary reactions involving ionized nitrogen molecules, e.g., the 
+ + 
reactions (4.3) and (4.4) which show the production of NL , N , and N. 
(41) 
Dmitriev proposed the following reaction mechanism for the formation 
of nitrogen oxides: 
N9
+ + 02 -* N0
+ + NO (4.11) 
N 2
+ + 0 2 •> N0 2
+ + N (4.12) 
N+ + 0 2 + N0
+ + 0 (4.13) 
N + 0o •> NO + 0 (4.14) 
c, 
Again, the ions MO and N0? would form neutral molecules upon 
collision with negative ions or electrons. Although NO was not detected, 
equations (4.11), (4.13), and (4.14) indicate an abundant production of it: 
the NO probably converted into N0~ in the presence of molecular and atomic 
oxygen. Therefore part of the N0? spectrometric response must have been 
due to the converted NO. Usually ozone is the main product in air under 
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weak ionizing radiation, while oxides of nitrogen are the dominant products 
in air under strong radiation. The fact that the yield of oxides of 
nitrogen was lower than of ozone is consistent with the general observation 
that low energy radiation produces less oxides of nitrogen than it does of 
ozone. The energy of the x-ray radiation as employed here was quite weak 
compared to nuclear radiation sources. 
The productions of oxygen ions and excited oxygen molecules, in 
many cases, are proportional to the oxygen concentrations under equal amounts 
of radiation. According to this assumption, the production of ozone from 
pure oxygen is expected to be nearly 4.75 times that from air since air 
consists of about 21 per cent oxygen and 78 per cent nitrogen. Calcula-
tions from the above results indicate a ratio near 3 to 1 on the assump-
tion that the production of ozone was proportional to the irradiation time. 
Equations (4.13) and (4.14) account for the formation of oxygen atoms.^ ^ 
Since oxygen atoms combine readily with oxygen molecules to form ozone, 
this may well be a reasonable explanation for the formation of ozone. 
Radiochemical Oxidation of Hydrocarbons in Air 
When a hydrocarbon compound is exposed to a radiation source , it is 
dissociated or polymerized. However, in the presence of air or oxygen, 
oxidation reactions seem to suppress those reactions which the oxidized 
component alone would undergo/33"^ The prevalence of the oxidation reac-
tion is due to the abundance and reactivity of oxidizing agents such as 
the oxygen atom, ozone, oxygen ion, and excited molecular oxygen. 
From the IR spectra of irradiation products, it is apparent that 
both aromatic and aliphatic reactants are ruptured or dissociated by x-ray 
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radiation. The first products appearing when such organic substances are 
exposed to high energy radiation are positively charged ion-radicals with 
the simultaneous release of an electron from the molecule, according to 
the reaction(J 
R R Radiation R^+ + e ( 4 a 5 ] 
where R and R can be either aryl and alkyl radicals or a hydrogen atom. 
Since the parent ion-radicals possess a high energy,they tend to undergo 
processes such as collisions and dissociations in order to reduce the high 
energy. The secondary products then include carbonium ions, excited mole-
cules, excited free radicals, and normal free radicals. Electron capture 
by both molecules and ions may also occur. The highly reactive hydrocarbon 
ions or radicals will spontaneously react with each other and activated 
oxygen-containing species. Dimerization of the intermediate radicals and 
addition to the dimers of a second reactive radical may occur also. 
The oxidation mechanisms in these x-ray irradiation systems are 
very complicated ones. The kinetics cannot be solved in detail without 
complete analyses of samples taken at different intervals in a batch pro-
cess. This investigation shows that the principal final products are 
oxygenated compounds consisting of aromatic and aliphatic units. It is 
believed that the initial hydrocarbon radical intermediates are able to 
react with those highly reactive oxygen-containing intermediates to give 
many different final products, each in so small a yield that no overall 
trend is recognizable. 
Radiochemical Formation of Gas-Phase Aldehydes 
Low molecular weight aldehydes, probably including glyoxal, were 
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nmong the major products of the radiochemical oxidation of acetylene in 
air. These aldehydes form rapidly in the initial stages of the reaction 
and gain a steady state concentration after 3 to 5 minutes. When 
air containing 450 ppm C?H~ was irradiated with x-rays, a constant ali-
phatic aldehyde concentration of 9.5 ppm in the gas phase was indicated by 
the spectrophotometry method. However, the x-ray irradiation of air 
systems containing either a trace of benzene (19 ppm) or a trace of cyclo-
hexene (35 ppm) failed to produce any significant aldehyde response in the 
spectrophotometer. 
Reactive species, such as atomic oxygen produced from radiation 
ionization, are effective against both olefinic and acetylenic compounds, 
although they react much more slowly with alkynes than with alkenes due 
to the 7T electrons of the triple bond being more firmly held between the 
carbon nuclei-^ ' When a C2H2 molecule reacts with oxygen atoms, one 
of the reactions produces a dialdehyde, glyoxal, (CHO)~ 
C2H2 + 20 + (CH0)2 (4.16) 
Under the influence of radiation, glyoxal could be dissociated and form 
formaldehyde and carbon monoxide.(37) 
(CHO)2
 R _ ^ ^ HCHO • CO (4.17) 
Meanwhile, other oxygenated compounds such as carboxylic acids, ketones, 
or dicarbonyl compounds are also formed. But glyoxal and formaldehyde 
are probably the predominant ones. 
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Formation of Particulates from C2H2-Air Systems 
As described in the preceding chapter, the IR spectrum of particu-
lates produced from C2H2 in 02 or in air (Figures 10 and 11) indicates the 
existence of abundant -OH, C=0, C-OH, and aliphatic groups. The product 
is a yellow solid which is very much like cuprene, although cuprene is 
produced in the absence of oxygen. Comparison of the IR spectrum of the 
particulates with that of cuprene clearly shows the difference, i.e., there 
is no OH absorption at 3300 cm"1 and no C=0 absorption at 1700 cm"1 in 
the spectrum of cuprene. The mass spectrum of the particulate product 
reveals the following ion fragments in the order of abundance : CH3CHO, 
C^H^, H20, C4H7, CO, and CHO. These species could also come from the hydro-
carbon ions and free radicals which were present during x-ray irradiation. 
The H20 ion fragment indicates the existence of -OH groups or alcoholic 
characteristics. (1'-> The C4H7 fragment and the peak at a mass number of 
79 probably signifies aliphatic properties, especially those of polycylo-
alkanes. And the CH3CHO, CO, and CHO ion fragments undoubtedly are evi-
dence of carbonyl groups. For pure compounds, molecular weights can be 
obtained from the mass number of the parent ions. Apparently the particu-
lates are not pure compounds but are a mixture of different hydrocarbon 
units containing hydroxyl and carbonyl groups. Since significant peaks 
appear up to a mass number of 202 and higher, this could mean the presence 
of particulates that contain polycycloalkanes and many different oxygenated 
hydrocarbon compounds of up to units of 10 or more carbon atoms. 
Palmer, et al., 
(99) 
studied the effect of soft x-ray on the poly-
merization of acetylene by using basically identical x-ray equipment to 
that employed in this study. The infrared spectrum of the fresh polymer 
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cuprene resulting from irradiation with 1-MeV electrons was examined by 
Jones. As a result, it is generally agreed that cuprene is an in-
soluble, infusible,and non-volatile polymeric material. Oxygen can be 
picked up subsequently by cuprene to almost 30 per cent by weight, the 
affinity of cuprene for oxygen being explained by the existence of ali-
phatic double bonds in the cuprene structure. Since the mass spectrum 
given herein indicated the existence of high molecular weight oxygenated 
hydrocarbons of up to 10-carbon units, there may be di-or trimerization 
of acetylene during the irradiation. Further chain reactions to produce 
large "polymers" were definitely inhibited by the presence of oxygen and 
water. Again, the abundance of -OH and C=0 groups probably was the re-
sult of oxidation of triple bonds or double bonds when attacked by oxygen-
containing oxidizing agents, or of reactions between oxygen molecule and 
radicals, or of reactions with other excited hydrocarbon molecules. Radi-
cals such as C^H- and C2H-T- were reported to be present during a-irradia-
tion^ ' according to the reactions: 
C2H2 Radiation c ^ . + H. (4 1 8 ) 
C2H2 + H- -• C2H3- (4.19) 
Since dissociation of the H-C2H bond requires less than 5.25 eV, the exis-
tence of C2H and C-2H3 radicals is very possible in this x-ray irradiation. 
When radon was mixed with oxygen and acetylene, Lind and Bardwell*- -* re-
ported an entirely different reaction than with pure acetylene. Instead o 
a yellow solid, a colorless liquid was produced which contained very small 
amounts of oxygen with an empirical formula of C^.Hr? 4O. In view of the 
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highly oxygenated characteristics of products found here and the fact 
that they were yellow solids, the latter substances obviously do not 
fall into this category. 
Formation of Particulates from C^H^-Air Systems 
Particulates were produced by the x-ray irradiation of about 100 
ppm benzene in dry air. The infrared spectrum (Figure 8) of these parti-
culates indicates an abundance of carbonyl and hydroxyl groups, and it also 
shows the characteristic vibration modes of both aromatic and aliphatic 
compounds. The mass spectrum was obtained at an electron beam energy of 
70 eV, probe temperature of 100°C, and under a vacuum of 4 x 10"" torr. 
The spectrum shows alkyl characteristics; the major peaks are 14 units 
apart, and the peaks at 43 (C^Hy), 57 (C^Hg), and 69 (C5H9) are large. 
Some aromatic and cycloalkene properties are indicated by mass peaks at 65 
(C5H5), 39 (C3H3), 69 (C5H9), and 81 (C6H9). Aromaticity was not as intense 
as indicated by the infrared spectrum. Again, predominant mass numbers 
at 17 (OH), 18 (H20), 29 (CHO), 44 (CH3CH0 or C02), and 57 (C2H5CO) suggest 
a highly oxygenated compound. 
Henri, et al.) ' studied the ̂ -irradiation of benzene along with 
four other C^-hydrocarbons in the vapor state. They found that 99 weight 
per cent of the product was accounted for by a liquid substance with an 
average molecular weight of 330, and the remainder was mostly gaseous 
products consisting mainly of 40 per cent [U and 55 percent C2H2. The 
production of C2H2 probably comes from a dissociation of benzene. The pre-
sence of H- as a product indicates that H« is an intermediate during the 
reaction; it is probably formed by many reactions, the following one being 
typical: 
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C6H6 Radiation ^ , + H. [ 4 2 0 ) 
Radicals C6H5- and Ĉ Hy • were reported by McAndrews, et_ al_£, ' in a 2-MeV 
electron irradiation of benzene. Futrell^ ^ investigated the radiolysis 
of n-hexane both in the vapor and liquid states. An attempt was made to 
determine the participation of free radical reactions for each product 
by considering three types of reactions: initial fragmentation, ion-mole-
cule reactions, and radical interaction. This is already a complicated 
case and the one here becomes much more complicated since the energetic 
oxidizing species have also to be taken into consideration. Since C^Hr• 
is an intermediate during irradiation, polyphenyls are possibly the final 
products formed by the interactions of the radicals. As in the case of 
Y-irradiation of the biphyenyl, polyphenyls and their hydrogenated deri-
vatives were the major products.^° J This could explain the high molecular 
weight of the product as revealed by its mass spectrum. In the spectrum of 
samples produced in the absence of oxygen, the characteristic bands for 
carbonyl, hydroxyl, and other oxygen-containing groups diminished, showing 
an attack by oxygen on aromatic bonds to form oxygenated compounds. The 
infrared spectrum showed that the 0-H band at 3400 cm"1 and the C=0 band 
at 1700 cm-1 increased greatly in intensity during exposure to oxygen in 
the atmosphere. Similar chemical changes in the post-irradiation oxidation 
of polystyrene were noticed by Sears and Parkinson.̂ - J 
Formation of Particulates from Cyclohexene-Air Systems 
The preceding chapter describes some of the chemical structure of 
the particulate product resulting from the x-ray irradiation of an air-
cyclohexene mixture (Figure 9). Strong characteristics of aliphatic hydro-
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carbon bonds, hydroxyl and carbonyl group are indicated by corresponding 
absorption bands. Carboxylic acids and aliphatic aldehydes would be pre-
dicated to be major components from the mixture. This mass spectrum was 
also obtained at an electron beam energy of 70 eV, probe temperature 100°C, 
and under a vacuum of 5 x 10~" torr. Again, alcoholic or hydroxyl groups 
are shown by mass numbers at 18 (H20), 17 (OH), and 45 (CHjCHOH). Carbonyl 
groups arc indicated by mass peaks at 43 (CH3CO), 44 (CH3COH or C02), 45 
(C00I1), and 57 (C2H5CO) . Cycloalkyl properties are predicated by ion frag-
ments such as 55 (C4Hy) , 69 (C5H9), 71 (C 5H U), and 83 (C6Hn) . Other 
aliphatic hydrocarbon characteristics are given by masses at 28 (C2H4), 
41 (C3H5), 57 (C4H ), and 99 (C H ). Ion fragments at 41, 45, 70, 73, 97, 
98, 121, and 139 offer evidence that a number of carboxylic acids are also 
important components. The mass number at 83 (C^H^j) probably indicates the 
existence of the cyclohexene structure. It is also interesting to note 
significant mass peaks at high mass numbers, viz.,121, 135, 139, 159, and 
163,indicating the possible dimerization or trimerization of excited cyclo-
hexene molecules, their derivatives, and intermediates. 
(60) 
Henri, et al., also investigated the a-irradiation of cyclohexene 
in the gaseous state and found that 95 per cent of the product was a liquid 
substance with an average molecular weight of 360 with the remainder 
gaseous products, including 33 per cent H2, 31 per cent C2H2 and C2H4, 18.5 
per cent C H , and some C,H4, CH4, and C6H6. This result indicates that 
radicals such as H-, C2H-, CH2-, CH^•, C^H^- and many others were probable 
intermediates during the radiolysis of cyclohexene. Eastman and Silver-
stein(44) reported the vapor phase ozonolysis of cyclohexene to yield 
formic acid and trans-1,2-cyclohexandiol in small amounts with adipic acid 
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;is the major product. Before separation and identification, the ozonide 
showed strong infrared absorption at 3390, 2940, and 1620 cm~ which was 
attributed to 0-H, aliphatic C-H, and C=0 vibrations, respectively. Ap-
parently, the x-ray induced product bears a strong resemblance to their 
ozonolysis product. Since ozone, and probably atomic oxygen, oxygen ions, 
and excited oxygen molecules are important components, they may play a role 
as oxidizing agent during the irradiation process. Adipic acid, formic 
acid, and trans-1,2-cyclohexandiol may account for a portion of the oxy-
genated products. 
Formation of Particulates as Functions of Hydrocarbon Concentration, 
Irradiation Time, X-ray Intensity,and Humidity 
Two reaction mixtures were examined in this phase of the study. 
Mixtures of benzene and acetylene at various concentrations in air were 
irradiated to determine the concentration dependence of particulate pro-
duction. Particulate production by x-irradiation was found to increase 
as the concentration of the two hydrocarbon compounds in air increased. 
These results are shown in Figure 20. Small changes in the mass concen-
tration of particulates were detected for benzene-air mixtures after ir-
radiations of 2 minutes duration, but much greater increases were found 
with benzene vapor concentration increase after an irradiation time of 7 
minutes. This same pattern was found with air-acetylene mixtures although 
particulate formation was lower by more than one order of magnitude. 
Radiolytic fragmentation would be expected to increase with longer 
irradiation, resulting in a higher concentration of reactive intermediates 
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Figure 20. Yield of P a r t i c u l a t e s as a Function of Hydrocarbon 
Concent ra t ion . (See Reference 72, p . 96, Figure 3) 
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trend toward greater particulate production with hydrocarbon concentra-
tion increase is also predictable, since the extent of a chemical reaction 
is proportional to the number of ion-radicals and ion pairs produced in 
the reaction medium by radiation. When all the other factors, such as x-
ray intensity and irradiation time, were fixed, higher concentration of 
hydrocarbon in a homogeneous medium means more ion-radicals which in turn 
yields more reactive intermediates; the latter combine, or polymerize, to 
form the high molecular weight products. 
For the same reason, particulate concentration appears to be pro-
portional to irradiation time. These experimental results are presented 
in Figure 21 for benzene-air and acetylene-air mixtures at constant con-
centration irradiated for different times but with all other parameters 
and conditions held constant. Figure 22 shows the production of particu-
lates as a function of x-ray intensity. The reaction mixture here was 
air containing 1.0 per cent acetylene. Intensity levels were adjusted by 
choosing various combinations of voltage and rectified tube current. No 
dosimetric measurement was made to indicate the precise dose rate, so 
these results give the qualitative response and not a quantitative meas-
urement . 
The experimental work described in the preceding section was ac-
complished using hydrocarbons in dry air. Thus, the presence of water 
vapor is not necessary for the generation of particulates. Other tests 
were made in the tubular x-ray irradiation chamber using benzene and 
acetylene in humidified air. Humidity was measured with either the Model 
880 or 990 Dew Point Hygrometer of Cambridge Systems, Inc., Mass. Data 
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Figure 23. Yield of Particulates as a Function of Relative Humidity. 
(See Reference 72, p. 98, Figure 9) 
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reactions of benzene and acetylene were enhanced by the presence of water 
vapor, especially at low humidities. Humidity is thus of importance in 
x-ray induced reactions. A sharp increase in the formation of particulates 
is evident with the maximum rate of mass generation occurring at approxima-
tely 5 per cent relative humidity. Even though mass accumulation above 5 
per cent relative humidity decreased, larger particulate sizes were formed 
at higher humidities. This result for air containing 10 per cent acetylene 
is discussed further in Chapter VI. These findings differ somewhat from 
those of Pffeferkorn as there it is reported that both the formation 
rate and the size of the particulates increase with higher humidities. 
Water molecules apparently promote oxidation reactions as has been 
(44) 
seen in gas phase ozonolysisv in which carbonyl compounds are produced 
as the ozonide is treated with water vapor. Since ozone is found to play 
an important role in the oxidation, ozonide and epoxides are products of 
the oxidatiom the addition of water to these compounds certainly would 
add oxygen and hydrogen to the molecular structure and therefore cause the 
weight increase of particulates through hydroxylation and hydrolysis. ^ ° - ^ 
However, the reason for the inhibition of aerosol formation at high humi-
dity is not well understood. 
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CHAPTER V 
PHOTOCHEMICAL OXIDATION AND THE FORMATION OF PARTICULATES 
Formation of Atomic Oxygen and Ozone 
When purified dry air was the only component in the irradiation 
chamber, steady-state concentrations of ozone between 13 and 18 ppm, de-
pending on the dilution rate, were generated after the mercury lamp was 
turned on. A similar production of ozone was also found during other 
tests in which cyclohexene or benzene was added to the air. Since this 
o 
study used ultraviolet light with wavelengths down to 2224 A, it appears 
that a ground-state oxygen molecule could absorb ultraviolet radiation at 
2424 A to form normal oxygen atoms at the ground state *P*- ) \ * J accord' 
ing to 
02
 lZ 2 0 (5.1) 
The dissociation energy is 5.115 eV or 118.0 kcal./mole, corresponding 
o 
to a wavelength of 2424 A. Therefore the ozone formation is probably ex-
plained by the combination of an oxygen atom and a molecule by^-°yH i,5J 
0 + 0 2 + M + 0 + M (5.2) 
The ozone molecule then undergoes photolysis to produce an oxygen atom in 
the excited state *D by absorption of radiation between wavelengths of 
2200 A and 2800 A as follows : 
03 H o 2 + 0 (5.3) 
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Ln view of the fast rate of reaction (5.2), the equilibrium concentration 
of ozone is much higher than that of atomic oxygen. The rate constants for 
atomic oxygen-hydrocarbon reactions are generally higher than those for 
ozone-hydrocarbon reactions by a factor 10^ to 10^. Hence the reaction of 
atomic oxygen and a hydrocarbon molecule is of importance in these photo-
chemical reactions, especially in the early stage as the atomic oxygen acts 
as initiator for the further photo-oxidation of the hydrocarbon.^ ^ °^ 
Cyclohexene-Air System 
The object of this study was to determine the nature and extent of 
the photochemical oxidation of cyclohexene in dry air. Cyclohexene was 
chosen because it has been reported''9) to produce very high concentrations 
of aerosol when irradiated with traces of nitric oxide. Experiments were 
conducted using purified air containing 10 ppm cyclohexene in the 45-liter 
photochemical reaction chamber described above. The aerosol profile and 
the rates of formation and depletion of the principal species were measured 
as functions of time; the results are presented in Figure 24. As soon as 
the mercury lamp was turned on and during the first 1000 seconds, a rapid 
disappearance of cyclohexene and the formation of ozone, aldehyde and 
particulates were observed. A rate constant of 1.9 x 10"^ sec"1 was cal-
culated by the method of half times for the apparent first-order reaction 
of this period. The consumption of cyclohexene slowed and its concentra-
tion reached a low steady value after about 2000 seconds. 
Cyclohexene was depleted very rapidly in comparison with the slow 
disappearance and shorf'induction period" for the reaction of benzene. 
This is probably due to the high reactivity between cyclohexene and ozone. 
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Cadlc and Schadc' ^ obtained a value of 3.5 x 10 I mol sec- as the 
rate constant for the ozone-cyclohexene reaction, which is at least 3000 
times that for ozone-xylene. Since benzene is generally less photochemi-
cal ly reactive than xylene by a ratio of 1 to 3, the rate constant of the 
ozonc-cyclohexene reaction probably is higher than that of the ozone-
benzene reaction by a factor of approximately 10 . 
Figure 24 also shows the aldehyde profile, the aldehyde gradually 
increasing from time zero. The formation of aldehydes at the beginning 
is probably due to the reaction of cyclohexene with ozone and atomic oxygen 
(441 Other investigatorsv J have also reported the formation of epoxides and 
aldehydes such as acetaldehyde and cyclopentenealdehyde as main products. 
The aldehyde concentration decreased after reaching a maximum value at 
about 1200 seconds, the reason probably being due to its further photo-
oxidation. The aerosol profile too is shown in Figure 24; in this case 
very small amounts of aerosol, amounting to only about 3 per cent of the 
total weight of the reactant, were detected. Due to the volatility of the 
particulates, no attempt was made to analyze them chemically. Just like 
the aldehydic products, the particulate concentration decreased after 
attaining a maximum at about 900 seconds. 
Photo-dissociation and Photo-oxidation of Aromatics 
Using both natural and artificial sunlight which contained ultra-
violet wavelengths greater than 2900 A, Chien^J reported that cyclo-
hexene and simple aromatic compounds such as benzene and toluene did not 
o 
absorb light with wavelengths above 2900 A by studying the ultraviolet 
absorption spectra of the compounds- Hence the photolysis of unsat-
urated hydrocarbons is not of importance in photochemical smog studies. 
69 
The ultraviolet light used in this study had wavelengths down to approxi-
o 
mately 1900 A. Generally speaking, benzene and toluene vapors show no 
o 
chemical changes at 2537 A . Only o-xylene undergoes a 1, 2-shift of the 
methyl group with low yield to form an isomer such as m-xylene and a photo-
induced fragmentation to form free radicals such as H-, CH3•, C^H^C?^•, 
o 
and C6H^CH2- at 1849-2000 A. Irradiation of benzene vapor produces an 
unidentified high energy isomer which decomposed to a cuprene-like polymer, 
C2H2, H2, CH4, C2H6, and C6H5CH3.^6)(116)(135) T o l u e n e undergoes much 
the same decomposition. In both cases, the quantum yields are near uni-
t y ^ ) 
The ultraviolet light source in this study was a medium-pressure 
o 
mercury lamp which emitted low energy radiation at 1849-2000 A. Due to 
the poor transmission of ultraviolet light through the combination of the 
quartz double walls and the cooling water in the immersion well, the ra-
o 
diation at 1849-2000 A was especially weak. Therefore, it would be ex-
pected to cause only a low yield from these photo-dissociation processes 
at these wavelengths. In other words, only a small part of the aromatic 
reactants would undergo the photolytic change, i.e., the rupture of H-C 
o 
or C-C bond at 1849 A to form free radicals. One of the possible reactions 
of these free radicals is a rapid combination with molecular oxygen to 
form peroxyalkyl radical according to 
R- + 02 + M + R00- + M (5.4) 
The peroxyalkyl radicals would react again with oxygen to form alkoxyl 
radicals which, in turn, decompose or react with oxygen, peroxyalkyl, and 
another alkoxyl radical to produce aldehydes, alcohols, and other oxygen 
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containing compounds. Alkoxyl radicals would also add to unsaturated 
hydrocarbons to form polymeric substances. For instance, several unsa-
turated hydrocarbons with terminal =CH2 groups could combine with alkoxyl 
radicals to produce polyperoxides. *• ' This may explain in part why 
there are highly oxygenated polymer products.C'9J 
Figure 25 gives a semilog plot of concentration versus time curves 
for benzene-air, toluene-air, and o-xylene-air mixtures following ultra-
violet radiation. t-4J(50} ^e hydrocarbon concentration in the chamber 
effluent during 4000 seconds of reaction was monitored with a flame ioni-
zation hydrocarbon analyzer. The curves are arbitrarily divided into 
three sections or phases which seem to represent three apparent first 
order reactions due to the formation of straight lines. For each of the 
mid-section reactions the apparent rate constants, having, respectively, 
values of 1 x 10~3, 1.5 x 10~3, 2.0 x 10*^ sec"* for benzene-air, toluene-
air, and o-xylene-air systems,(10) were calculated by the method of half 
times by division of Zn 2 by time needed for consuming half of the reactant. 
The effects of dilution were taken into consideration in the calculation. 
Since dilution causes an exponential change in hydrocarbon concentration 
as shown by Equation (2.3), this does not alter first-order reaction 
characteristics. The slow initial disappearance of these simple aromatic 
compounds may be attributed to the time required for the warming-up of 
the mercury lamp and the build-up of ozone and atomic oxygen. Major 
portions of the aromatics were probably consumed in second-phase reac-
tions once large quantities of aliphatic aldehydes and highly oxygenated 

















Figure 25. Disappearance Rate of Benzene, Toluene, and o-Xylene 
in Dry Air During Ultraviolet Irradiation. 
72 
glyoxal, and its derivatives from the ozonolysis of toluene or o-xylene 
could be a source of the aldehydes. The fact that methyl groups attached 
to a benzene ring can be oxidized -- mostly to carboxyl, and aldehyde or 
ketone groups -- would explain the strong absorptions at 3350 and 1730 
cm-!, which were attributed to 0-H and C=0 stretching vibration modes in 
the infrared spectra of the particulates (see Figures 14 and 15). Similarly 
three-phase reactions were reported by Alley, et_ aK,t 3) for reactions of 
butene, pentene, and hexene with the addition of NO2 under the irradiation 
of artificial sunlight. Reaction rate constants of the order of 10"^ to 
10~4 sec"* were also calculated. The similarity is probably due to the 
fact that reactions in both cases are initiated by the attack of atomic 
oxygen on unsaturated hydrocarbons.l^lMooj ^ne SOurces of atomic oxygen, 
of course, are different; the production of atomic oxygen in this study 
was shown to be induced by photo-dissociation of molecular oxygen at 2000-
o 
2424 A, but the production of atomic oxygen in the study of Alley, et at., 
o 
was a result of the photo-dissociation of NO2 at 3130-4047 A. 
Benzene-Air Systems 
The photo-oxidation of benzene in the presence of ozone and of mole-
cular and atomic oxygen has been investigated both in the liquid and in 
the gas phase. Boocock and Cvetanovic(21) reported that the main product 
formed in the reaction of benzene with atomic oxygen was a nonvolatile 
material having aldehydic character. Avramenka, et_ a]^. , (-15-' measured a 




to benzene in the gaseous phase, and also reported the presence of a reac-
tive radical and phenol, HCHO, and CO, indicating reaction mechanisms both 
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with and without the cleavage of the benzene ring. Grigriyan, et al. , ̂  J 
studied the gas phase photochemical reaction at room temperature, phenol and 
organic peroxides being detected as products. After a time the rate of 
phenol formation was inhibited due to competition between photochemical 
formation and decomposition. Wei, et al. , *• ' investigated the formation 
of two polyenic dialdehydes, phenol,and other products from the irradiation 
of liquid benzene through which oxygen was bubbled at toom temperature. 
The interesting part is that Wei, et_. al. , used an identical Hanovia mer-
cury lamp to that employed in this study. A reaction mechanism was sug-
gested that required the photo-initiated attack of oxygen on benzene lead-
ing to ring opening, formation of carbonyl group, and addition to another 
benzene ring. 
Apparently the low yield and efficiency of the photo-dissociation 
of benzene and other aromatic compounds with subsequent photo-oxidation 
cannot explain the fast disappearance rates of the aromatic reactants. 
In view of the high concentration of ozone and atomic oxygen, the rapid 
consumption of aromatic reactants is probably due to the attack by these 
oxidizing agents to form oxygenated compounds. In order to understand 
the ozone-benzene reaction mechanism in the absence of ultraviolet light, 
a steady concentration of ozone was built up first by irradiating the air 
in the chamber. Meanwhile a constant dilution rate was maintained in 
the chamber. The ozone concentration as a function of irradiation time 
is shown in Figure 26. After the mercury lamp was turned off an amount 
of benzene which would produce a concentration of 10 ppm was injected. 
The benzene concentration was constantly measured with the hydrocarbon 
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Figure 26. Concentration Change of Reactants and Products during Ultraviolet 
Irradiation of Benzene Vapor in Previously Irradiated Dry Air. 
(See Reference 71, P.20, Figure 6) 
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readings show a very low benzene disappearance rate, since the benzene 
concentration decreased almost as the rate of dilution. But a rapid dis-
appearance rate was observed after the light was turned on at 2900 seconds. 
As mentioned in the preceding sections, atomic oxygen was produced under 
the influence of radiation, and the rate constants for the atomic oxygen-
benzene reaction can be higher than that for the ozone-benzene reaction 
by a factor of 10 to lO^.t"J Hence, the fast reaction between benzene and 
atomic oxygen explains in part why there is a rapid disappearance of benzene. 
From Figure 26, the ozone concentration will be seen to increase sharply 
after more than 80 per cent of the benzene has been exhausted. 
Another test was made to study the photo-oxidation of benzene in 
the absence of ozone initially. After 10 ppm benzene was injected in the 
chamber, the ultraviolet light was turned on and the analysis and meas-
urements of benzene, ozone, aldehydes, and particulates started. The re-
sults are shown in Figure 27. Again, the benzene depletion rate became 
rapid after 200 to 300 seconds when the mercury lamp warmed up and emitted 
radiation at its full strength. 3y comparison, the disappearance rate in 
this test was less than that in the previously mentioned test with ozone 
present. There could be two possible explanations. The first one depends 
directly on the reaction between benzene and ozone. The second requires 
o 
ozone to absorb radiation at 2200 to 2800 A and dissociate into atomic and 
molecular oxygen, thus causing an increase in the concentration of atomic 
oxygen which would, in turn, accelerate the atomic oxygen-benzene reaction. 
As may be seen, the ozone concentration is very low during the first 2000 
seconds which probably indicates the fast addition of atomic oxygen to the 
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Figure 27. Concentration Change of Reactants and Products during Ultraviolet 
I r radia t ion of Benzene-Air Mixture. 
-^J 
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after more than 80 per cent of the benzene had been depleted and its disap-
pearance rate had been greatly reduced. 
An aliphatic aldehyde concentration which reached a maximum value 
of about 8.5 ppm was observed during the interval from 1000 to 2500 seconds 
The formation of aliphatic aldehydes was probably due to photo-oxidation 
reactions in which the benzene ring was attacked by oxidizing species such 
as atomic oxygen and ozone. For instance, the addition of ozone to the 
benzene nucleus would ultimately produce one kind of dialdehyde, glyoxal, 
according to the reaction 
Ozonolysis 
C 6H 6 • 3 (CHO) 2 (5.5) 
° f 32") Then, glyoxal would absorb radiation in the range 2300 to 3200 A^- J to 
form formaldehyde and carbon monoxide and, possibly, some hydrogen, the 
predominant reaction probably being 
(CH0)2Jl^ HCHO + CO (5.6) 
Formaldehyde, and some low carbon number aldehydes would again absorb 
o 
ultraviolet light at 2500 to 3300 A to produce some free radicals accord-
ing to 
hv 
RCHO -> R- + HCO (5.7) 
R represents a hydrogen atom or alkyl or aryl organic groups. This photo-
dissociation may account in part for the disappearance of aldehydes(9)(37) 
after lengthy ultraviolet irradiation. The photo-oxidation of formaldehyde 
was investigated by Carruthers and Norrish. *• J It was reported that 45 
per cent of the initial aldehyde formed formic acid, 20 per cent formed 
water and carbon monoxide, and 32 per cent was polymerized. The 
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carbon chain length was of the order of 10. This would provide another 
route for the production of high molecular weight and aldehydic particu-
lates . 
The mass concentration of airborne particulates produced by the 
ultraviolet irradiation of 10 ppm benzene in dry air was measured with 
a Thermo-Systems Particle Mass Monitor, Model 3205 A / 8 5 ^ 9 5 ^ The aerosol 
profile is included in Figures 25 and 26. Significant particulate forma-
tion did not occur until the fast depletion of benzene started. The maxi-
mum concentration of particulates was between 800 and 3000 yg/m3, depend-
ing on the initial concentration of oxygen and ozone when the benzene con-
centration was held constant at 10 ppm. Aerosol production from a benzene-
air system in the presence of approximately 14 ppm ozone reached a maximum 
of about 800 yg/m3 at 1200 seconds, while in systems initially without 
ozone production attained about 2600 yg/m3 at 2400 seconds. The presence 
of ozone thus seems to enhance the initiation of particulate formation 
but inhibit the production quantitatively. The "downhill" concentration 
of particulates declined faster than expected because of dilution in both 
the two texts. The reason is probably due to an attack of atomic oxygen 
and ozone on particulates, presumably those of low molecular weight and 
vaporizable compounds being formed and evaporating from the condensed 
aerosol phase. To test whether or not particulates were a direct mixture 
of products from the photo-oxidation of benzene, a series of tests was 
made involving aerosol formation from benzene-dry nitrogen mixtures to 
which small quantities of oxygen were added. These results showed a dis-
tinct trend toward greater aerosol concentration profiles when higher 
(45) 
concentrations of molecular oxygen were added. Since a condensed 
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product is the major result, it appears that the rate of this photo-
induced reaction is proportional to the concentration of oxygen in addi-
tion to the benzene concentration, especially at concentrations in the 
range of 10 to 100 ppm. 
Infrared spectrophotometry analysis showed the presence of hy-
droxyl and carbonyl groups and both aromatic and aliphatic characteris-
tics. It is also worthy of note that the mass spectrometric analysis of 
the particulates suggested the existence of aromatic ketones and quinonic 
compounds such as fluorenone, fluorenone-ol, xanthone, and diphenyl oxides. 
From the partial analysis of the gas and condensed phase products, 8.5 
ppm aliphatic aldehyde was detected after about 2000 seconds. Assuming 
the aldehyde to be formaldehyde, which would be a logical choice as indi-
cated by some of the reaction mechanisms in preceding sections, it would 
contain 14 per cent of the reacted carbon atoms. Infrared and mass spec-
trometric methods showed the presence of oxygen-containing compounds. If 
the condensed phase had consisted solely of a compound, or " monomer ", 
with the formula of fluorenone, approximately 81 per cent of the reacted 
carbon atoms would be contained in the condensed phase. On the other hand, 
should the condensed phase have consisted only of quinone or mucondialde-
hyde [OHCCCHU^CHO] about 63 per cent of the carbon atoms would be in the 
condensed phase. All of the remaining compounds, to which the molecular 
formula is applied, would account for between 63 and 81 per cent of the 
consumed carbon atoms. Therefore it seems that as much as 63 to 81 per 
cent of the reacted carbon atoms may be contained in the condensed phase. 
One of the possible products containing reacted carbon atoms would be 
carbon monoxide; no attempt was made to measure its concentration during 
the course of the reaction. 
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Photo-oxidation and Particulate Formation with the 
Addition of NO, N02, and H20 
Although the photo-oxidation of alkylbenzene-nitrogen oxide mixtures, 
in general, proceeds as fast as those of olefin-nitrogen oxide mixtures 
and results in the production of significant ozone concentration levels, 
(7)(13)(27)(45)(49) ^enzene_nitrogen oxide mixtures have rather low reac-
tivity like most paraffins. Yamate^-137-' reported the formation of alde-
hydes from benzene-nitrogen dioxide mixtures under the radiation of xenon 
light. Kopczynski*- ' investigated the photo-oxidation of benzene and 
alkylbenzene with nitrogen dioxide present, and found that the percentages 
reacted during the first hour of reaction were 2, 4, and 7, respectively, 
for benzene, toluene, and o-xylene. These results also showed that as 
much as 50 per cent of the reacted carbon could be contained in the con-
densed phase. Grasley and collaborators*-53) studied the photochemical 
reactions of toluene-nitrogen dioxide mixtures with the addition of water 
vapor; they found that reactions which produce condensed products were 
accelerated by water vapor. The onset of ultraviolet absorption by water 
vapor is at about 1850 A; ^ but the mercury lamp of this study emitted 
o 
radiation containing wavelength mostly above 1900 A. Consequently, little 
or no absorption by water vapor would be expected, and photolysis of water 
molecules to form reactive species is unlikely. 
Effects of NO and NO^ 5 8) 
In conducting tests with 10 ppm NO and 10 ppm benzene in air 
(Figure 28), the concentration of benzene was first adjusted, then nitric 
oxide was injected into the reaction chamber just as the lamp was turned 
on. As may be seen in the figure, nitric oxide is converted slowly at the 
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beginning of the reaction into nitrogen dioxide, the nitrogen dioxide 
concentration going through a definite maximum at about 1400 seconds. 
This reaction most likely is the spontaneous oxidation of nitric oxide to 
form nitrogen dioxide according to 
NO + 1/2 02+ N02 (5.8) 
Nitrogen dioxide then undergoes photo-dissociation to produce normal 
0(3P) and nitric oxide under wavelengths of 3130, 3660, and 4047 A by the 
reaction 
N02
 h^ NO + 0 (5.9) 
Meanwhile normal 0(3P) can also be formed by photo-dissociation of oxygen 
molecules in air as given by Equation (5.1). 
Other important reactions involving atomic oxygen, ozone, and ni-
trogen oxides are as shown by Equation (5.2) and by 
NO + 03 •+ N02 + 02 (5.10) 
The rate of 0^ consumption may be expressed by K(N0)(0,) where K is a 
reaction constant and (NO) and (O3) are concentrations since the reactions 
of ozone with N09 and benzene are insignificant at this stage. At the 
beginning of the photochemical process, especially during the first 500 
seconds, the rate of the atomic oxygen-benzene reaction is very low as 
shown by the benzene concentration curve in Figure 28, and the rates of 
reactions between atomic oxygen and nitrogen oxides are also negligible. 
Under such circumstances, the production rate of atomic oxygen is the 
combined rate of reactions (5.1) and (5.9). The photolytic yield of 
8.3 
atomic oxygen is constant, therefore the combined rate is more or less 
a constant for moderate NO2 concentrations. This combined rate will 
then be equal to the rate of formation of CL and, in turn, equal to the 
rate of consumption of 0 3 which is K(N0)(03). So K(NO)(0,) is roughly 
a constant under the described conditions. As the nitric oxide concen-
tration decreases, the ozone concentration will increase. This explains 
the buildup in the ozone concentration after completion of the nitric oxide 
conversion at about 1400 seconds. The ozone concentration reaches a peak 
at about 2700 seconds beyond which it levels off to a steady value of 
about 9 ppm. The NCU concentration decreases more or less constantly 
during the period from 1400 to 5000 seconds. As for the fate of NO2, it 
probably forms alkyl nitrates and peroxyacyl nitrates (PAN) when it reacts 
with alkoxyl and peroxyacyl radicals as shown by the work of Stephens [ -* 
Production of alkoxyl radicals has been indicated previously, and per-
oxyacyl radicals are probably the intermediate products of the consecutive 
reactions of atomic and molecular oxygen with benzene. Kopczynski^ J 
also reported the presence of peroxyacetyl nitrate and methyl nitrate as 
two of the products from the photo-oxidation of a mesitylene-NOn mixture. 
By comparison, the benzene disappearance rate was slightly lower 
than that of tests in the absence of nitrogen oxides; besides, a longer 
induction period was also observed, and the rapid consumption of benzene 
only started when more than 70 per cent NO had been converted into NO2 at 
about 400 to 500 seconds. After this induction period, the characteristics 
of the benzene disappearance were similar to those of benzene without the 
addition of either NO or N02. An aliphatic aldehyde concentration profile 
which reached a maximum value of about 7 ppm was observed during the 3000 t 
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4000 second interval. Again, the formation of aliphatic aldehydes may 
be explained in part by the mechanisms of reactions (5.5) and (5.6). 
f R ̂  
Altshuller and Cohen reported that the photochemical reactions of a 
toluene-nitric oxide system also resulted in aliphatic aldehydes along 
with ozone and other peroxy compounds. They,therefore, drew the con-
clusion that fragmentation of the aromatic ring occurred during photo-
oxidation reactions. 
An aerosol profile is indicated in Figure 28. Once again, signi-
ficant particulate formation began only after the fast depletion of ben-
zene had started. A maximum concentration of about 7200 pg/m 3 was reached 
at 2000 seconds. Compared to reaction systems without the addition of 
nitrogen oxides, which have a maximum of about 2600 pg/m^ at 2400 seconds, 
quantitative particulate formation is much enhanced by the presence and 
participation of nitrogen oxides. This is well illustrated in Figure 29 
where particulate concentrations from different initial NO concentrations 
are compared. Since the benzene concentration at 2000 seconds was approxi-
mately 3.7 ppm (See Figure 2 8 ) , substrating it from the initial value of 
10.8 ppm shows that about 2300 yg/m 3 was consumed during the first 2000 
seconds. In other words, the particulate matter must be highly oxygenated. 
Supposing the product to contain all of the reacted carbon atoms, a 
benzene molecule would combine with approximately 7 oxygen atoms plus one 
nitrate group to form the final particulate product. Consistently, the 
mass and infrared spectrometric analysis both indicate the existence of an 
abundance of hydroxyl and carbonyl groups, but the presence of PAN and 
alkyl nitrates are obscured in the infrared spectrum, probably by the 
strong absorption bands of oxygen-containing groups. When nitrogen dioxide 
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Figure 29. Yield of Particulate as a Function of Initial Nitric Oxide 
Concentration. (See Reference 71, P. 26, Figure 10) 
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was added to the reaction chamber instead of nitric oxide, the induction 
period became shorter, and the formation of aerosol started almost immedi-
ately with the beginning of the ultraviolet irradiation. The particulate 
•z 
concentration reached a slightly higher maximum of about 7500 yg/m at 2000 
seconds. This is probably explained by the attack on the benzene ring by 
atomic, oxygen produced by the photolysis of NO-,. 
Ffjfc_cts_o_f Water Vanor 
In order to understand the effects of humidity on the disappearance 
rate of benzene and the formation of particulates, a series of tests was 
made by irradiating the standard mixture of 10 ppm benzene and varying 
amounts of water vapor in air. The results indicated that the presence of 
the water accelerated the depletion of benzene and greatly enhanced aerosol 
formation. Figure 30 shows the effect of water vapor on the disappearance 
rate of benzene, the half-life of benzene decreasing from 1450 seconds to 
700 seconds at 1.45 per cent water vapor. Figure 31 demonstrates remarkable 
increases in particulate concentration, especially during the period of 
1000 to 2000 seconds, when the results of the reaction mixtures at 1.03 and 
0.343 per cent w^ter vapor are compared with those of the dry mixtures. 
The maximum particulate concentration of 2600 yg/m3 for the dry mixture 
increases to 16,000yg/m3 at 1.03 per cent water vapor content. 
Goetz and Klejnot • ' noted that aerocolloid formation from photo-
chemical reactions of pure toluene or cumene in air increased remarkably 
with humidity and considered the water molecule to be a participant in the 
photochemical processes. An acceleration in the rate of toluene disap-
pearance and N0o formation for toluene-nitric oxide-air mixtures under the 
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tors . Dimitriades, et_ al_. , also discovered that the photochemical 
formation of NO^, oxidant, and formaldehyde from an ethylene-nitric oxide-
air mixture appears to be enhanced by the presence of water vapor. 
Since photo-dissociation of water molecules under the ultraviolet 
radiation from a mercury lamp to form atomic hydrogen and hydroxyl radicals 
is not likely as indicated at the beginning of this section, a water mole-
cule probably participates in these complex reactions by combination with 
one excited *D atomic oxygen to form two hydroxyl radicals through the 
reaction^14)(78) 
0 + H20 •> 2 OH (5.11) 
The excited D oxygen atom is produced by photolysis of 0? as shown by 
reaction (5.3). Hydroxyl radicals can then react with hydrocarbon mole-
cules to form the radical R* by way of 
OH + RH -* H20 + R- (5.12) 
Reactions (5.11) and (5.12) may explain in part why the presence of water 
vapor favors the rapid depletion of benzene. The insignificant rate of the 
ozone-benzene reaction, as shown by Figure 25 and some of the preceding 
discussion, makes the attack of oxidizing agents on benzene molecules 
much more dependent on the atomic oxygen concentration. Such oxidation 
reaction products contain a large quantity of organic oxides and epoxides. 
The addition of water to these compounds certainly would lead to the in-
corporation of carbonyl and hydroxyl groups in their molecular structures 
through hydrolysis and hydroxylation, and therefore cause an increase 
in the particulate mass concentration. 
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CHAPTER VI 
MICROPHYSICAL PHENOMENA AND GROWTH OF PARTICULATES 
Sample Collection and Measurement of Size Distribution 
Thermal precipitation was employed for the collection of particu-
late products for chemical and physical analysis. The latter included par-
ticle size distribution by transmission electron microscope, stereoscopic 
examination under the scanning electron microscope, mass spectrometric 
analysis, tests of solubility, thermal stability, temperature of transi-
tion, etc. Tests of thermal stability and other measurements of physical 
properties revealed that the x-ray induced particulates were non-volatile, 
insoluble, and thermally stable, therefore the use of thermal precipitators 
was justified since the method of collection was not likely to change the 
size and other chemical and physical characteristics.(3°J Nevertheless, 
for samples collected from photochemical reaction systems, electrostatic 
(93) precipitation^ J was used concurrently to facilitate comparison with the 
thermal precipitator sample and to detect and avoid any possible evaporation 
due to the temperature of the heated plate of the thermal precipitator. 
A previously describedt73J thermal precipitator was adapted and em-
ployed, one small modification being made. This consisted of reducing the 
entrance passageway in order to produce a smaller radius of deposition. 
The precipitation plate separation was about 0.03 cm, and the temperature 
difference between the heated and cooled plates was between 40 and 48°C, 
depending on the adjustment of the heated-plate current and the temperature 
of the cooling water. The resulted temperature gradient was thus between 1330 
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and 1600°C/cm. Another thermal precipitator described by Hendrix and 
Orr^ ) was also used in same instances. 
Aerosol was collected at flow rates up to 300 cc/min. The deposit 
pattern of the aerosol was symmetrical with respect to the center and was 
more or less an annular ring. Electron microscope grids were placed at ran-
domly selected spots to collect representative samples and to avoid bias 
in the measurement of size distribution. By examining electron micrographs 
of particles deposited at different points, any size segregation effect of 
the precipitator was judged to be rendered insignificant. As for the ef-
fectiveness of thermal precipitation, the lower limit of particle size 
detected in both the x-ray and ultraviolet products was roughly 0,025 jjm. 
A glass substrate with a thickness of 0.005 cm was placed on the cool plate 
of the precipitator to collect samples for all purposes other than for 
electron microscope examination. 
The collection method making use of electrostatics^- ^ involved 
charging the particulates by means of a corona-discharge at about 2500 
volts and precipitating them onto a carbon-coated electron microscope grid 
placed on the end of a grounded cylinder using a Teflon holder. An electric 
field of 1250 to 2500 volt/cm was employed. 
Enlarged electron micrographs and electron microscope negatives of 
particulates from both x-ray and ultraviolet light irradiation systems 
were employed in making particle size distributions. A light microscope 
calibrated by a stage micrometer with an eyepiece graticule was used in 
measuring images from negatives. Particle size was determined from the 
enlarged electron micrographs using a Zeiss Particle Size Analyzer, 
Model TGZ, it being a semi-automated image analysis instrument removing 
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some of the tediousness of particle sizing. The number of measurements 
per test ranged between approximately 400 and 1000. A table provided by 
Montgomerŷ - -1 was used as a guide to the number of particle measurements 
necessary to achieve 99 per cent certainty that the distribution of sizes 
was correct to within 10 per cent. The number of measurements actually 
made was twice that required by the table to ensure statistically reliable 
data. 
Electron Microscopic Examination of Particulates 
A transmission-type electron microscope, Model JEM-30, manufactured 
by Japan Electron Optics Laboratory Co., was employed. Particulate samples 
to be examined were either collected on carbon-coated copper grids or on 
specially treated iron grids. These iron grids, used mostly during preli-
minary studies, were held in a humid air stream at about 500°C for one or 
two hours until needle-like crystals, called whiskers, of iron oxide grew 
outward from the surface.^ Many spherical particulates were found en-
trapped on the whiskers after exposure in the x-ray irradiation chamber at 
various positions for short times. A typical electron micrograph has already 
been presented as Figure 2. 
For most of the work involving x-ray irradiation, thermal precipita-
tion was used to collect particulates on carbon-coated electron microscope 
grids centrally located on the collecting surface. Electron micrographs of 
the particulates from benzene-saturated air are shown in Figures 32 and 33. 
Large agglomerates or chains of particulates were often found as were necks 
or junctions as is evident in Figure 33, suggesting that the particulates 
may have the properties of a very viscous liquid. Particulates from other 
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Figure 32. Electron Micrograph of Particulates Formed from X-ray 
Irradiation of Benzene-Saturated Air. X43500 
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Figure 33. Electron Micrograph of Particulates Formed from X-ray-
Irradiation of Benzene-Saturated Air. X9,000 
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hydrocarbons in air generally showed very similar behavior. 
Particulate matter generated by the ultraviolet irradiation of 10 
ppm benzene in dry air was also examined by electron microscopy. Methods 
of sample collection included both thermal and electrostatic precipitation, 
but electrostatic precipitation was used most often. Figure 34 shows the 
aerosol collected electrostatically in the latter stages of a test, i.e., 
after 5000 to 5500 seconds. Particulates collected during the first 1000 
seconds appeared transparent and were more liquid-like. They also exhibited 
greater deformation upon contact with carbon-coated electron microscope 
grids. Samples taken after the first 1000 seconds appeared to be opaque 
and more like the rigid spherical particulate matter shown in Figure 34. 
Another electron micrograph, Figure 35, shows particulates collected 
during the interval from 2000 to 3000 seconds after photochemical reaction 
initiation with a benzene-nitric oxide-air mixture. The total yield of 
particulate product is two to three times that from a benzene-air system 
without nitric oxide. Again, the products formed near the beginning of 
the reaction were more or less transparent and liquid-like; they became 
opaque in latter stages. Linear and clumpy agglomerates were evident under 
the electron microscope. 
For each of the reaction systems and with both x-ray and ultraviolet 
radiation, the particulate products were examined by scanning electron 
microscopy using the Cambridge Stereoscan, Mark IIA. Stereoscopic electron 
micrographs were made at an angle of 45°, usually with a platinum coating 
o 
of approximately 200 A thickness. Figure 36 shows particulates from x-ray 
irradiation of benzene-saturated air. This particular sample was not plat-
inum coated. Both single particulates and aggregates are evident on the 
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Figure 34. Electron Micrograph of Particulates Formed from Ultraviolet 
Light Irradiation of 10 ppm Benzene in Air.X6,900 
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Figure 35. Electron Micrograph of Particulates Formed from 
Ultraviolet Light Irradiation of 10 ppm Benzene 
and 10 ppm Nitric Oxide in Air.X5,270 
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Figure 36. Scanning Electron Micrograph of Whiskers and the Attached 
Particulates Formed from X-ray Irradiation of Benzene-
Saturated Air.X9,350 
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iron oxide whiskers. Figure 37 shows product from the x-ray irradiation 
of the air containing both benzene and water vapor. These particles were 
collected on a Pyrex glass substrate with a thermal precipitator. The 
larger spheres are up to 1 \im in diameter. Figure 38 shows particu-
lates from the x-ray irradiation of an acetylene-air mixture prepared by 
similar procedures. Photochemical aerosol particulates formed from the 
oxidation reaction of benzene in air during the irradiation period between 
5500 and 6000 seconds are shown by Figure 39. Some few agglomerates are 
evident. 
Particulates were also collected on Muclepore filters manufactured 
by the General Electric Co. and having a pore size of approximately 0.5 urn. 
These samples were collected during irradiation times between 2000 and 6000 
seconds. After platinum coating, scanning electron micrographs were 
obtained as shown in Figures 40, 41, and 42. Particulates generated by 
the photo-induced reaction of benzene-nitric oxide-air are shown in Figure 
40. Particulates formed with toluene, Figure 41, must be liquid-like, as 
they appear to be hemispherical on the filter. The o-xylene product, 
Figure 42, contains some relatively large particulates together with small 
ones. The small spheres might have been formed during a late stage of the 
reaction; on the other hand, the liquid-like droplets probably formed at 
an early stage. 
Physical Properties of Particulates 
X-ray Irradiation Products 
Observations were also made using an ordinary light microscopei-^OJ (88J 
Particulates formed from an acetylene-air system always appeared white when 
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Figure 37. Scanning Electron Micrograph of Particulates Formed 
from X-ray Irradiation of Air Containing Partially-
Saturated Benzene and WaterVapor. X9,350 
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Figure 38. Scanning Electron Micrograph of Particulates Formed 
from X-ray Irradiation of Acetylene-Air Mixture. 
X9,350 
102 
«*. * * - m *k" 5.̂ .̂ : ^ 1 
- • « ^ * S « *H «. * » # ' • ' • - • • ' ' ^ " f c 
• * • * • " ' 
" ^ ' • ^ ^ i ^ v . M ' -»*•"* ' 
" * ^ 2 ^ - ' m - • * • • • - * * 
*** *s« <£ •** 
* * • ' A ^ r • .• * - ^ 
i* -.5/1 ***C i»
 m.'*4 
. r.f'*;-i,-,rf.'t*:"! * 
VV*V^V"* . i * - * ^ " -- J t - v * '- &«* " V ^ " - •'*••••- .. . * * «J 
* * • < * 
J<fe J * 
ft*.* * -
* * 3 F • . * • ' * * . • • ' • • * . . ' * * . 
*• 1 *" \ ':V.'»*'..*V 
%. * ^ * 
Mt .. * • • 'jm * 
" ^ e " " ^ k 
" *fc ' * *̂*~ V <4. • * . * J. **"••* ^ * » ~ *c*" ' • • . • * — 
****4t - * "* •''.*£*' . 
* * » * * . * • • • # 
i r*-
. A . j f t . «.% 
Figure 39. Scanning Electron Micrograph of Particulates Formed 
from Ultraviolet Irradiation of Air Containing 10 
ppm Benzene. X4,760 
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Figure 40. Scanning Electron Micrograph of Nuclepore Filter 
and the Attached Particulates Formed from Ultra-
violet Irradiation of Air Containing Both Benzene 
and Nitric Oxide at 10 ppm. X4,760 
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Figure 41. Scanning Electron Micrograph of Nucleopore Filter and 
Particulates Formed from Ultraviolet Irradiation of 
Air Containing 10 ppm Toluene.X8,930 
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Figure 42. Scanning Electron Micrograph of Nuclepore Filter 
and Particulates Formed from Ultraviolet Irradiation 
of Air Containing 10 ppm Xylene.X8,930 
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collected as a thin layer on a glass substrate, but the color changed 
to yellow and even brown as thick layers developed. The product from cyclo-
hexene-air mixtures showed only a light yellow color. The specific gravity 
of masses of particulates produced from a benzene-air system were measured 
to be between 1.51 and 1.58. Benzene, n-decane, n-butanol, and carbon te-
trachloride were used in attempts to dissolve the particulates, but the 
samples remained unchanged in size and appearance for at least 2 days. 
In addition, they showed neither a melting point nor a temperature of tran-
sition when heated gradually to 400°C in a scanning differential calori-
meter . 
The particulates were essentially non-volatile at room temperature, 
even remaining after exposure to the high vacuum of the electron microscope 
for 50 hours. Electron micrographs of the particulates formed from a ben-
zene-air mixture and collected on iron oxide whiskers before and after the 
exposure to a vacuum for 50 hours are presented in Figures 43 and 44. The 
crystals themselves were somewhat deformed, but the particulates apparently 
remain unchanged. Particulates were also heated while exposed to ambient 
air. Electron micrographs showing before and after heating are presented 
in Figure 45. From these, a decrease in particulate size with some deform-
ation is apparent. Most of the particulates are still present, however, 
after heating at 250°C for 4 hours. The largest particulate was still 
evident after 30 hours at this temperature. A microscope hot stage was 
used for these tests; its temperature was maintained and controlled elec-
trically. 
A thick layer of particulates formed from a benzene-air mixture was 
collected on a glass substrate of known weight. The decrease in weight of 
107 
r 
Figure 43. Electron Micrograph of Whiskers and Particulates 
Formed from X-ray Irradiation of Benzene-Air Mixture 
before Exposure to Vacuum.X8,350 
Figure 44. Electron Micrograph of Whiskers and Particulates 
Formed from X-ray Irradiation of Benzene-Air Mixture 
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Figure 45. Particulates Formed from X-ray Irradiation of Benzene-Air 
Mixture before (Upper Photo), after 4 Hours (Middle Photo), 
and after 30 Hours (Bottom Photo) at 250°C.X5,000 
(See Reference 71, P.58, Figure 32) 
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the particulates following heating was obtained by periodically weighing 
the glass substrate. These results are given in Figure 46. The reduction 
in weight appeared to cease after about 2 hours at four different temper-
ature levels. Similar weight measurements were also made on particulates 
formed from a benzene-air mixture before and after additional x-ray irradi-
ation, however no significant weight change was detected. The particulate 
substances also appeared by microscopic examination to be unchanged. 
Ultraviolet Irradiation Products 
Particulates generated from benzene-air mixtures with and without 
the addition of nitrogen oxides appeared as a light yellow resinous powder. 
When a sample was placed in a capillary tube and heated in a melting point 
apparatus, it showed no melting point but began to darken at 90°C and charred 
at 200°C. For other samples formed from benzene-air mixtures, thin layer 
chromatograms were made using Eastman Kodak 6061 silica gel chromatographic 
paper. Acetone was used as the solvent and development was with ^- At 
least three unknown components were detected; one eluted fast and the other 
two very slowly.(125) Other organic solvents were tested, but the parti-
culates were only slightly soluble in methyl acetate and n-propanol and in-
soluble in chloroform, benzene, and amyl acetate. 
Particulates produced from benzene-nitric oxide-air mixtures were 
partially soluble in ethyl alcohol and slightly soluble in acetone. These 
particulates did not show a reduction in size when exposed to a high vacuum 
environment for periods of up to 48 hrs. This indicates that particulates 
formed photochemically also consist of non-volatile components. 
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TIME OF HEATING, HOURS 
Reduction in Weight of Particulates as a Function 
of Heating Time and Oven Temperature. 
(See Reference 71, P.59, Figure 33) 
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Growth of Particulates 
X-ray Irradiation Products 
Particulates, once deposited, were found to grow on iron oxide 
whiskers if the x-ray irradiation were continued and organic vapors were 
present. Grids carrying the whiskers were located along the axis of the 
cylindrical irradiation chamber just before the outlet. Later upon exa-
mining the grids by electron microscopy, larger particulates were found 
at the locations nearer the x-ray tube, hence at higher x-ray intensity. 
Particulate growth was also observed to continue in the presence of gases 
leaving the irradiation chamber. Size distributions of particulates from 
air containing initially 10 per cent acetylene at progressively increasing 
times, designated aging time, beyond four minutes of x-ray irradiation are 
shown in Figure 47. Growth of the particulates was also indicated, as 
shown in Figure 48, by the increase of median diameters as a function of 
aging time. These data suggest the growth rate slowed after 10 to 20 min-
utes and reached an equilibrium state after about 50 minutes. 
The distributions of Figure 49 reveal the dependence of ultimate 
particulate growth on hydrocarbon concentration. The distributions appear 
to widen as hydrocarbon concentration increases. This behavior is consist-
ent with the principle of activation in radiation chemistry which states 
that the extent of chemical reaction is proportional to the number of ion 
pairs produced in the reaction medium by ionizing radiation. Figure 50 
shows the effect of water vapor on the growth of particulates. Even though 
the mass concentration begins to decrease at about 5 per cent relative hu-
midity as given in Figure 23, particulates formed at higher humidity are 
larger on the average. 
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Figure 47. Size D i s t r i b u t i o n s of X-ray Induced P a r t i c u l a t e s as 
Functions of Aging Time. 
(See Reference 71 , P.52, Figure 27) 
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Figure 48. Median Diameters of X-ray Induced P a r t i c u l a t e s as 
Function of Aging Time. 
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Figure 49. Size Distributions of X-ray Induced Particulates as 
Functions of Acetylene Concentrations (See Reference 71, 
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50. Comparison Between Size Distributions of X-ray Induced 
Particulates Formed in Dry and Humidified Air Containing 
10 per cent Acetylene (See Reference 71, p. 55, Figure 30) 
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Watson and Kaufman*-133) reported particle size distribution data 
from a-ray induced cuprene aerosols. Diameters ranged from about 3000 to 
° o 
10,000 A in the oxidized sample, and from about 1000 to 13,000 A in the 
unoxidized sample. These sizes are in general agreement with those of 
this study although they were produced differently. The particle sizes 
reported here are presented in the form of either frequency or cumulative 
distributions. They also show a fairly straight line when plotted as 
logarithmic-probability graphs. 
Ultraviolet Irradiation Products 
Particulate growth began after induction periods, one of about 200 
seconds for benzene-air mixtures and one ranging between 120 and 300 
seconds for benzene-air mixtures with the addition of nitric oxide or water 
vapor. This is revealed by the trends of aerosol mass concentration on 
previous figures. In addition, the number of nonvolatile particulates also 
increased as shown by aerosol deposition on electron microscope grids. 
However, size distributions of nonvolatile particulates measured after 
different irradiation periods suggest little change in particulate growth. 
As shown on Figure 51, only the larger sizes seem to be altered as reac-
tion proceeds. One explanation could be that the particulates were more 
fluid during the early stage of the reaction and flattened on contact with 
the carbon film of the electron microscope grid and thus distorted the size 
measurements. It could also be due to a photosensitized cleavage of aro-
matic rings and further oxidation of unreacted double bonds in the presence 
of high concentrations of atomic oxygen and ozone. Presumably low molecular 
weight, volatile compounds such as formaldehyde and carbon monoxide were 
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Figure 51. Size Distributions of Nonvolatile Photochemical Par-
ticulates Sampled During Different Irradiation Periods 
from Air Containing 10 Parts Per Million Benzene. 
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Particulate size distributions as shown by Figure 52 were also ob-
tained during three irradiation periods for benzene-nitric oxide-air mix-
tures. The size distributions again were very similar, although the mass 
concentration increased significantly in the period between 30 and 60 min-
utes and decreased afterward as shown on Figure 28. Size measurements 
were made on the basis of individual particulates, and agglomerates were 
not considered. As shown by the electron micrographs of particulates 
sampled in the late stages of photochemical reactions (Figures 34, 35, 39 
and 40) coagulation was observed frequently. Another investigator( J 
also reported as a function of time the size distribution of photochemical 
aerosols produced using ambient atmospheric air and natural solar radiation. 
That work suggested that the particulate growth process was governed by 
diffusion controlled vapor deposition and by coagulation, a result not con-
trary to those reported here for humidified systems. 
Nucleation Phenomena 
Three phenomena bearing on nucleation are significant here. First, 
multicomponent systems were involved. As mentioned in the preceding two 
chapters, many oxygenated compounds, especially aldehydic ones, were de-
tected in the gas phase. The second feature was the presence of very reac-
tive species such as free radicals. The last was the presence of gaseous 
ions. (130) ^ thermodynamic model, the Volmer-Becker-Doering theory(°J 
for instance, probably could only be applied conceptually to this case 
because of its extreme complexity. Commenting on the nucleation of photo-
chemical smog, Hidy and coworkers(62) have stated as follows: 
"An interesting question must be raised in evaluating the 
heterogeneous nucleation mechanism. There is very little informa-








0.05 0.10 0.15 0.20 
PARTICULATE DIAMETER. MICRONS 
0.25 0.30 
Figure 52. Size Distributions of Nonvolatile Photochemical 
Particulates with Addition of Nitric Oxide Sampled 
during Different Irradiation Periods. 
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smog, but Leighton's view and more recent evaluations suggest that 
the reactive hydrocarbons undergo oxidation reactions in the gas 
phase in preference to polymerization. This question of chemical 
mechanisms is a crucial one and must be answered at least partially 
by controlled laboratory studies before the photochemical aerosol 
behavior can be understood." 
The Onset of Particulate Formation 
Although particulates were the most abundant product from ultraviolet 
irradiations, measurements showed that these appeared only after an induc-
tion period of 140 to 210 seconds for both "dry" and humidified benzene-
air mixtures. Figure 53 indicates the beginning of particulate formation 
for three systems. Induction times for benzene-air mixtures without water 
vapor were very close to the ones for mixtures with 0.24 ppm nitric oxide. 
By comparison, the appearance of particulates in systems with a re-
lative humidity of 25.2 per cent began at about 140 seconds or about 30 
seconds earlier than ones with a relative humidity of 8.8 per cent. The 
latter system had a higher rate of aerosol mass production during early 
stages, but ultimately ended with a lower mass concentration after 1000 
to 3000 seconds. In general, shorter times are required for the onset of 
particulate formation in reaction systems containing water vapor. 
Significant production of particulates from photochemical reactions 
of benzene-nitric oxide-air mixtures started only after more than half of 
the NO had been converted into NK^. This is consistent with other re-
ports t 1 3 ) ^ ") that the formation of both nuclei and aerosol did not occur 
rapidly until the NO2 concentration peaked and a very low NO concentration 
had been reached. Since many photochemical smog studies indicate the 
production and accumulation of reactive intermediates such as alkyl and 
alkoxyl radicals after most of the NO has been oxidized into NO2, parti-
culates may well be products from reactions among highly reactive species. 
! 
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As described in preceding chapters, no apparent induction period, or a 
very short one at least, was observed for benzene-nitric oxide-air mixtures 
irradiated with ultraviolet light. Therefore, short induction periods 
and early formation of particulates is favored by increasing nitric oxide 
concentrations. 
Formation of Nuclei and the Characteristics of Nucleation 
A cloud chamber or nuclei counting facility was not available to 
this effort for the measurement of nuclei concentration. For purposes of 
illustrating the formation of nuclei, part of the research of Altshuller, 
et_ al_. , t*-3) is reproduced in Figure 54. Nuclei in amounts of 10^-10 per 
cubic centimeter were measured for trans-2-butene-NO mixtures after most 
of the NO had been converted into NO2. However, aerosols with particle 
sizes large enough to make feasible light scattering measurements or to 
permit mass or weight detection were not produced. Nuclei in the same number 
range were also detected during the ultraviolet irradiation of 1,3,5 tri-
methyl benzene-NO and toluene-NO mixtures. Large amounts of aerosol were 
detected from these two systems. The simultaneous onset of aerosol produc-
tion and the decrease in nuclei concentration in Figure 54 is worthy of note. 
Nucleation in its phenomenological aspects is illustrated by a plot 
of nuclei concentration during an irradiation period is shown by Figure 55. 
Nuclei are considered formed after a "waiting", or induction period, when 
their size has grown to exceed that of a critical embryo. In the cases 
here, there exist both reactive species and gaseous ions, so the mechanism 
is undoubtedly more complex than when nucleation is from an single or binary 
vapor in an inert gaseous atmosphere. Evolution of nuclei probably involves 
reactions of these highly reactive species. Nucleation either starts at 
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Figure 55. Characteristics of Nucleation. 
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point A when the gas is particle- or nuclei-free and at point B when there 
are background nuclei. In either event, production of nuclei continues 
to a peak at point C. The slope of the line AC is quite steep for some 
photochemical induced nuclei formationst65) and the same is probably also 
true for radiolytic systems.^- -* Point C probably corresponds to the 
starting point of fast hydrocarbon depletion, where, due to the high con-
centration of reactive intermediates or supersaturated products, the forma-
tion of aerosol competes with that of nuclei. This effect and also the 
coagulation of nuclei cause a decrease in nuclei number to point D. As 
irradiation proceeds, the concentration of aerosol increases rapidly from 
point F to point G, while that of nuclei reduces to point E. 
Nucleation and Growth by Condensation 
Volatile particulates were formed by the condensation of supersatu-
rated gaseous products in some cases. ̂  -* More of these aerosol particu-
lates probably formed in very earlier stages of photochemical reaction. 
They were important products and likely predominant ones in humidified 
photochemical reaction systems such as those of cyclohexene-air and ot-
pinene-air. The condensation of supersaturated vapors on nuclei to form 
aerosols is supported by certain experimental findings. First, the evapor-
ation of some particulates was observed under ambient conditions or vacuum, 
and second, evaporation and degradation of particulates were also noticed 
under further ultraviolet light irradiation (see Figure 31). This indicates 
that some products were not polymeric substances but probably consisted of 
vapors of condensable aldehydes, ketones, and other oxygenated compounds 
having low vapor pressures. Under attack by oxidizing agents such as ozone 
and atomic oxygen, these would undergo oxidation to form both gaseous and 
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nonvolatile products. That volatile aerosols became less prevalent as ir-
radiation continued was noted in conjunction with electron microscopic exami-
nations. This could be explained by an oxidation reaction or by the addition 
or reactive species through the gas-aerosol interface to form "oxygen sat-
urated" polymeric substances. 
(1381 Volmer, Becker, and Doring1 J developed the classical theory of 
homogeneous nucleation. In the absence of nuclei, an embryo droplet of 
radius r, containing N molecules, and having surface tension y is formed 
by random collision of monomeric vapor molecules at supersaturation ratio S. 
The free energy change corresponding the formation of this embryo is 
AG = 4ur2Y - VkT£nS (6.1) 
where V = ^-nv3M (6.2) 
3 
Maximizing Equation (6.1) with respect to r gives the size of the critical 
embryo, r* 
v* = 2]L^ (6.3) 
MkT£nS 
where M is the number of molecules per cubic centimeter of liquid. An 
embryo grows into a droplet when it attains a size greater than r*, and 
the free energy increase corresponding to r = r* is 
AG* = _ l 5 n ! 
3(MkT£nS)2 (6.4) 
For condensation on an inert particle, i.e., heterogeneous nuclea-
tion, G* only differs from Equation (6.4) by the factor (2+ cos8)(l-cos€)2/4 
which is smaller than unity. The contact angle is given by the symbol 6. 
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The metastable equilibrium concentration of critical nuclei in 
terms of the Van't Hoff reaction isotherm is then 
N'i* = N: exp(-AG*/kT) (6.5] 
where N^* is the concentration of clusters containing i molecules, and Ni 
is the monomer concentration equal to p/kT. The nucleation rate is ex-
pressed^- J by 
I = Il^_ = KNNX exp(-AG*/kT) (6.6) 
dt 
where K^ is a factor expressing the chance of collision with and capture 
by a monomer of a critical nuclei. The application of the above equations 
to the systems here is still far from reality because of the inadequacy of 
physical data and the difficulties of identification of products. 
Nucleation in photochemical systems probably starts with the forming 
of nuclei from chemical interactions and combinations of reactive radicals 
and unsaturated hydrocarbon molecules or from products which possess low 
saturated vapor pressures. Possible products include high molecular 
weight phenyl ketones, or quinones; fluorenones; and polyenic dialdehydes. 
Once nuclei are formed other chemical species with lower saturation ratios 
will add to them through heterogeneous nucleation. 
Gas-Particulate Interaction and Polymerization^ ^ 
Microphysical measurements and mass spectrometric analyses on all 
x-ray induced particulates and most of the ultraviolet light induced parti-
culates from dry-air systems described here revealed them to have extremely 
low vapor pressures and to be polymeric substances with chain lengths of 
at least 10 carbon atoms. This indicates particulate nucleation and growth 
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is more likely chemical in nature than a result of condensation. In all 
photochemical reaction systems, the production of particulates reached a 
maximum coincident with the most rapid depletion of hydrocarbon and when 
about 90 per cent of the hydrocarbon had been consumed. Processes which 
account for the disappearance of hydrocarbons are classified as follows: 
[1) The hydrocarbon molecules first form free radicals and excited species, 
the process being described in Chapter V. Chemical interaction and com-
bination of free radicals, excited molecules, and other reactive species 
then form small nuclei. (2) This is followed by heterogeneous photo-
chemical reactions, presumably largely oxidation ones, on the nuclei and 
already formed particulates. The mechanism is probably a kind of poly-
merization, the products being formed and becoming attached to the surface 
of existing particulates due to the forces of chemical affinity. Such 
interfacial reactions and the effects of nucleating agents were investigated 
by Goetz and Pueschel,^- 2^ with results supporting the idea that particulate 
formation is due to chemical reactions at the surfaces of airborne particles 
and nuclei and that the physical properties of the nucleating agents control 
the rates of formation of the particulates. (3) Finally, high molecular 
weight aldehydic substances are formed, leading to volatile and unstable 
aerosols by condensation. Gaseous products such as CO, CCU, and low mole-
cular weight aldehydes constitute the remaining species. 
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CHAPTER VII 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
Chemical Composition 
Infrared and mass spectrometric analysis provide most of the in-
formation on the chemical composition of the particulate products. The 
infrared spectra showed very strong carbonyl absorption bands at 1710-1730 
cm , hydroxyl absorption bands at 3100-3500 cm" , and some weak aliphatic 
and aromatic absorption bands. The mass spectra revealed ion fragment 
patterns for aldehydes, ketones, quinones, and carboxylic acids and indi-
cated that some components can have molecular weights of 200 or higher and 
consist of 10 or more carbon atoms. These particulate products are thus un-
doubtedly polymeric substances. 
From the x-ray irradiation of benzene vapor in nitrogen rather than 
in air, it was found that infrared absorption bands characteristic of car-
bonyl and hydroxyl groups diminished while aromatic bands remained. This 
reaction was inhibited under ultraviolet irradiation. The importance of 
radiation induced oxidation was thus revealed. 
X-ray Induced Oxidation Processes 
X-rays ionize air and hydrocarbon molecules which leads to the form-
ation of a variety of ionized atoms and molecules, free radicals, and ex-
cited species. The interaction between these reactive ions and atoms such 
as 0+, N+, N2+, N,and 0 causes the formation of ozone and nitric oxide 
during irradiation. Oxidizing agents such as atomic, molecular, and ionized 
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oxygen and ozone react with hydrocarbon molecules and free radicals to create 
oxygen-containing intermediates which enter further complex recombination 
reactions, forming the high molecular weight particulate products. Gaseous 
aldehydes are produced from the acetylene-air system. The yield of parti-
culates was found to increase with increasing hydrocarbon concentration, 
irradiation time, and x-ray intensity. A rapid increase in the yield of 
particulates was found when very small amounts of water vapor were added to 
the air, the maximun yield occurring at about 5 per cent relative humidity. 
Photochemical Oxidation Processes 
Photochemical first-order reaction rate constants for cyclohexene, 
benzene, toluene, and o-xylene separately in air were determined at the 10 
ppm level by a photochemical smog chamber method to be 1.9 x 10~3, 1.0 x 
10~3, 1.5 x 10 , and 2.0 x 10"
3 sec-1, respectively. Oxygen is required 
for these reaction systems as indicated by the inhibition of aerosol form-
ation and the absence of hydrocarbon disappearance when nitrogen is used 
instead of air. At low concentrations of oxygen in nitrogen the quantita-
tive production of aerosol is roughly proportional to the oxygen content. 
Production of ozone was found to occur mostly by a combination of molecular 
and atomic oxygen, the latter being formed by photolysis of oxygen at 2000-
o 
2424 A. Benzene undergoes very slow reaction with ozone, but rapid disap-
pearance of benzene was found in the presence of ultraviolet light due to 
fast reactions with atomic oxygen and other free radical intermediates. 
In general, hydrocarbon molecules react with atomic oxygen and ozone to form 
oxygen-containing radicals such as alkoxyl and peroxyalkyl that recombine 
and add to hydrocarbon molecules through a series of complex reactions. Final 
products included large amounts of aliphatic aldehydes and highly oxygenated 
particulates consisting of 63 to 81 per cent of the reacted carbon atoms. 
132 
When nitric oxide was present, it was found that particulate formation, 
which appears only to begin after half the nitric oxide has been converted 
into nitrogen dioxide, is much enhanced by the presence and participation 
of nitrogen oxides. The maximum particle concentration was 2.4 times that 
from systems without nitrogen oxides. The highly oxygenated products con-
sist of approximately 7 oxygen atoms and one nitrogen-containing group for 
each reacted benzene molecule. The presence of water vapor greatly accele-
rates benzene disappearance and enhances aerosol formation by a factor of 
about five, although infrared spectra show little or no change in chemical 
composition. 
Microphysical Processes and Properties 
The particulates are relatively insoluble, nonvolatile, and thermally 
stable. Their average size and mass concentration increase with increasing 
irradiation time, aging time, and hydrocarbon concentration. X-ray induced 
particles show size distributions of the logarithmic normal type. The 
presence of nitrogen dioxide and water vapor promote the early onset of 
particulate formation. The more volatile particulates form by condensation 
on nuclei from supersaturated gaseous products. some nonvolatile poly-
meric particulates form on nuclei by chemical reaction, i.e., through inter-
action and combination of free radicals, hydrocarbon molecules, and other 
reactive intermediates on nuclei and already-formed particulate surfaces. 
Recommendations 
Two series of experiments which should prove beneficial in under-
standing the basic physical processes are : 
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1. Determine experimentally the coagulation rates and rate constants 
for both radiochemically and photochemically produced particulates. Preli-
minary studies conducted in conjunction with this investigation on the coa-
gulation of photochemical aerosols from a benzene-air system indicated that 
the observed coagulation constants were in fair agreement with theoretical 
ones calculated from Smoluchowski ' s equation . (.48) (9/J -p̂ g extension of 
this calculation to the coagulation of chemically induced particles cer-
tainly would be of value in understanding the physical processes of pho-
tochemical smog. 
2. Measure condensation nuclei concentrations and the rate of nuclei 
formation as functions of irradiation time, hydrocarbon concentration, 
humidity, and nitroger and sulfur oxide content. The onset of nuclei form-
ation from radiation induced reactions and their evolution and growth to 
fine particulates might be followed with a condensation nuclei counter. 
The method might be used also for nuclei formation by radical-radical com-
binations and radical-hydrocarbon interactions. Specific radicals can be 
produced by the photolysis of selected ketones and aldehydes after they 
have been identified in the reaction systems. For example, photolysis of 
acrolein may lead to the formation of ultrafine polymeric particles, and 
a condensation nuclei counter could serve as a detector for the onset and 
presence of such nuclei. 
Two analytical methods are suggested for a more complete determina-
tion of particulate and gaseous products and possibly a more complete de-
rivation of the reaction mechanisms. 
1. Determine the chemical composition of particulates as a function 
of irradiation time, particle size, initial concentration of nitrogen oxides 
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and sulfur oxides, etc. by elemental analysis. Since the chemical con-
stituents of photochemical aerosols are known in only a few cases, the em-
ployment of microanalytical chemical techniques would be helpful in re-
solving the atomic percentages of C, H, 0, and N, thereby yielding some 
very useful data on reaction mechanisms. 
2. Utilize a high resolution mass spectrometer coupled directly to 
the reaction chamber for the mass spectral analysis of both particulate and 
gaseous products from photochemical reaction systems. Certain other modi-
fications may be possible. An absolute filter or similiar device might be 
employed to separate the gaseous products from the particulate ones. Since 
the yield of gaseous products is very low, a cold trap at liquid nitrogen 
temperature could collect this product in a concentrated form. Finally, a 
combination of mass spectral analysis and a radioisotope tracer technique 
might be found advantageous in deducing reaction mechanisms. 
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APPENDIX A 
GAS ANALYTICAL METHODS 
Gas Chromatography and Hydrocarbon Analyzer 
At the beginning of this study when the x-ray irradiation experi-
ments were performed, Perkin-Elmer, Models 800 and 900, and a Hewlett-
Packard, Model 776, gas chromatography with flame ionization detectors'- ^ 
were employed to measure and calibrate the concentrations of the hydrocarbon 
components in the gas samples. The hydrocarbons, mainly aromatic hydro-
carbons, were analyzed on copper columns containing packings of apiezon or 
tricresyl phosphate materials. The operating temperature was between 80° 
to 130°C. The carrier gas was dry nitrogen. Quantitative calibrations 
were made by either generating known quantities of hydrocarbons from a 
diffusion cell or by preparing a vapor mixture of the single compound and 
air in a large glass bottle. 
When the experiments involving samples of hydrocarbons in the parts 
per million range required an improved response to detect possible alde-
hydic products, the Hewlett-Packard Model 776 chromatograph was modified 
with a 42 cc, rJ -shape gas sampler. Another column was constructed from a 
10 ft. long, 1/4 in. 0. D. glass tube containing 15 per cent carbowax on 
Teflon beads. The chromatograms taken while photochemical reactions were 
in progress showed methane to be the predominant constituent of the back-
ground along with the benzene. Some small and unidentified peaks having 
short retention times between the values for those of acetaldehyde and 
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propionaldehyde were also observed. Further investigation was limited 
by the sensitivity of the gas chromatograph even though aldehydic com-
pounds were indicated to be the reaction products by spectrophotometry. 
In later stages of this work, a flame ionization hydrocarbon ana-
lyzer, Beckman Model 400, was purchased which detected hydrocarbon concen-
trations down to 0.01 ppm. This equipment used zero-grade air and zero-
grade hydrogen as oxidant and fuel, respectively, and was calibrated with 
Matheson calibration gas containing 8 ppm propane in zero-grade air. Both 
the gas chromatograph and the hydrocarbon analyzer were employed to detect 
the concentration of hydrocarbons, especially the concentration of benzene 
during the course of a photochemical reaction. The readings of the hydro-
carbon analyzer were compared with the output of the gas chromatograph; 
the values were fairly close to one another. 
Analysis of Aliphatic Aldehydes^ ̂  
The sample was drawn at 200 cc/min through a rotary vane or a frit-
ted scrubber. The absorption solution was distilled water with the addition 
of 0.01 per cent Kodak Photo-Flo 200 as wetting agent. To 5 cc of the ab-
sorption solution, 5 cc of reagent A and 2 cc of reagent B were added. Rea-
gent A was a 2.0 rnole methylamine hydrochloride and 0.20 mole sodium 
pyrophosphate aqueous solution. Reagent B was a 0.01 mole o-amino-benzalde-
hyde aqueous solution . The absorbance at 440 my was then measured. 
The production of o-aminobenzaldehyde^-119^ was carried out as follows : 
5 grams of o-nitrobenzaldehyde, 100 cc distilled water, and 100 grams ferrous 
sulfate heptahydrate were brought to a boil, then 50 cc of ammonium hydro-
xide was added. Later the mixture was distilled. The distillate was 
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chilled in an ice bath to crystallize the o-aminobenzaldehyde product. The 
crystal product was finally separated by filtration and stored at -20°C, 
Analysis of Nitrogen Dioxide^ l n ^ 1 1 2 ) 
The colorimetric analyzer used here was a WACO a i r analyzer, Model 
300 A. The absorption solution contained 0.05 per cent N-(l-naphthyl)-
ethylenediamine dihydrochloride and sulfanilamide. First, the analyzer 
and a Sargent recorder were turned on and warmed for 30 minutes. Then the 
flow rate of the gas stream was adjusted. The gaseous sample passed through 
a rotary vane scrubber where nitrogen dioxide was supposed to be completely 
absorbed by the solution. Afterwards, the absorption solution flowed 
through the colorimeter, the light extinction being measured against fresh 
reagent and indicated by the recorder. Calibration was made by comparison 
with samples of nitrogen dioxide of known concentration. 
Analysis of Ozone and Oxidants I35)(3°J 
Ozone and oxidant determinations by iodometry were performed in accord 
with the following procedures: the gas sample was passed at 200 cc/min 
through a rotary vane scrubber containing 10 cc of an aqueous solution of 0.1 
gram KI and 0.04 gram NaOH. To eliminate the disturbing influence of N0~, 
about 3 cc of acetic acid (1 :5) was pipetted into the solution until a pH 
value of 3.8 was reached. Then the volume of solution was adjusted to 25 
cc with distilled water and the absorbance, or extinction, at 352 my was 
measured by either a Beckman DU or Model B spectrophotometer. The cali-
bration curve for the determination was plotted using the reagent after 
adding standard KI03 solution to the absorption solution and acidifying 
with acetic acid. 
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APPENDIX B 
MATERIALS AND CHEMICALS 
The air used in this study was either zero-grade or dry-grade as 
supplied in cylinders by the Matheson Company. The hydrocarbon content of 
the zero-grade air was actually less than 1.0 ppm CH, hydrocarbon. The 
dry-grade air was further treated by passage through a filter made by the 
Gould Company which consisted of molecular sieve, silica gel, and activated 
charcoal. This generally reduced the hydrocarbon content to less than 
1.0 ppm with a maximum value of 2.0 ppm. The hydrocarbon content was 
mainly light hydrocarbons. Methane and smaller amount of ethane were the 
major constituents as shown by gas chromatographic analysis. Air and all 
gaseous mixtures were filtered through a membrane filter, the G.S. type 
made by the Millipore Corp., before entering the x-ray and UV light irra-
diation chambers. 
The nitrogen used in the photolysis of NO2 was also zero grade, con-
taining less than 0.5 ppm CH4 hydrocarbon and less than 4 ppm oxygen. The 
nitrogen and hydrogen employed as the carrier gas and fuel for the gas 
chromatographs were both dry grade and obtained in cylinders from Air 
products and Chemicals, Inc. Zero-grade air, hydrogen, and the 8 ppm pro-
pane calibration mixture were supplied by the Matheson Company. They 
were used with the flame ionization hydrocarbon analyzer. 
Nitric oxide of 98.5 per cent purity and the nitrogen dioxide of 
99.5 per cent purity were obtained from the Matheson Company. For the 
tests in which very low concentration of nitric oxide were needed, the 
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volume <A' nitric oxide was extracted from a mixture having 490 ppm NO in 
nitrogen and supplied by Air Products and Chemicals, Inc. 
The acetylene employed was a purified grade having a minumum purity 
of 99.6 per cent and supplied by the Matheson Company. The cyclohexene 
was pure grade with 99.5 per cent purity; it was supplied by the Phillips 
Petroleum Company. 
Research-grade benzene, toluene, and ortho-xylene having 99.99 per 
cent purity and containing toluene, benzene, and para-xylene respectively 
as the most abundant impurities were obtained from the Phillips Petroleum 
Company. The Eastman Kodak Company supplied the a-pinene. 
Chemicals used in preparation of working and standard solutions 
for the acid-potassium iodide method for determining ozone were potassium 
iodide, potassium iodate, sodium hydroxide, and glacial acetic acid; all 
were reagent grade and were supplied by the Fisher Scientific Company. 
Two reagents employed in the analysis of aliphatic aldehydes were 
methylamine hydrochloride, reagent grade, supplied by the Fisher Scientific 
Company, and sodium pyrophosphate, "Baker Analyzed" reagent grade, supplied 
by the J. T. Baker Chemical Company. The third reagent, o-aminobenzalde-
hyde was prepared by a modified method of Smith and Opie.^-1^ The chemi-
cals used in this synthesis were o-nitrobenzaldehyde of 95-99 per cent 
purity supplied by K £ K Laboratories, Inc.; ammonia hydroxide, reagent 
grade, by the Fisher Scientific Company; and ferrous sulfate heptahydrate, 
reagent grade, by the J. T. Baker Chemical Company. Propionaldehyde, ob-
tained from the Eastman Kodak Company, was used as the aldehyde standard; 
it was further purified by distillation in a packed column. 
The concentration of N09 was determined with a Saltzman reagent which 
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contained N-l (Naphthyl) ethylenediamine hydrochloride supplied by the 
Fisher Scientific Company. Another absorption solution consisted of sul-
fanilamide obtained from the Eastman Kodak Company and hydrochloric acid, 





A Cross-sectional area 
C transient concentration 
C0 original concentration 
c velocity of light 
D. diffusivity of component A in Air 
E energy of a quantum of radiation 
G Gibbs free energy 
h Planck's constant 
I nucleation rate 
K rate constant of chemical reaction 
Ka rate of light absorption 
K^ first-order rate constant for N02 photolysis 
K^ factor of chance of collision and capture of a monomer by critical 
nuclei 
k Boltzmann constant 
L length of diffusion path 
Nl number of molecules per cubic centimeter of liquid 
N| concentration of clusters containing i molecules 
r radius of particulate 
r* radius of critical embryo 
P total pressure or atmospheric pressure 
PA vapor pressure of component A 
Q flow rate 
R alkyL or aryl radicals 
RGAS 
gas law constant 
S supersaturation ratio 
t time 
T temperature 
W mass transfer rate by volume 
Greek Letters 
Y surface tension 
6 contact angle 
A wavelength 
v frequency 
<\> primary quantum yield 
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